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Anthropogenic climate change has caused shifts in the abundances and 
geographic distributions of many organisms. Given the estimated rates of climate 
change in the coming decades, many plant species may be unable to migrate or adapt 
in time, thereby increasing their risk of extinction. The history of vegetation dynamics in 
response to past climatic events has important implications for understanding and 
predicting the biotic impacts of future climate change on organisms. Evidence is 
accumulating that small, isolated populations of trees have persisted in locally suitable 
habitats through dramatic climatic fluctuations during the last glaciation and the present 
interglacial period. Such “climate refugia” allow pockets of diversity to persist within a 
regional climate that is otherwise inhospitable for those species. It is important to 
understand climate refugia, as they are potential targets for conservation. Equally 
important, assessing how fast plants may migrate in response to climate change 
requires knowledge of past refugia and post-glacial migration patterns, especially in the 
case of long-lived tree species whose migration cannot be easily observed within a few 
decades to even centuries. Such data influence the design and predictive power of 
models used to project future change. This dissertation seeks to provide insight into the 
whereabouts of two key species of the PNW mesic forests during the last glaciation, 
their responses to past climate warming, and the role of heterogeneous mountainous 
landscapes in the persistence of refugia.  
The first principal chapter (Chapter 2) aims to address the methodology of 




and distribution of vegetation requires an interdisciplinary approach. To infer the post-
glacial vegetation and climate of putative refugia, we need paleoecological data from 
strategically selected sites. To infer past demographic events related to glacial refugia 
and post-glacial migration pathways, population genomic analysis is emerging as an 
important novel tool. Paleorecords are key to understanding range shifts in response to 
climatic fluctuations, but are prone to false-negatives when detecting small populations 
in climate refugia. Genetic data can improve inferences by providing evidence of 
population structure. Using the two disciplines in conjunction therefore provides a 
clearer understanding of post-glacial vegetation dynamics.  
The second principal chapter (Chapter 3) aims to determine the demographic 
history of two key species of the PNW mesic forests during the last glaciation, their 
responses to past climate warming, and the role of heterogeneous mountainous 
landscapes in the persistence of refugia. In the Pacific Northwest (PNW), mesic forest 
communities have two disjunct distributions: a coastal range and an interior range, 
separated from each other by a 160+ km barrier of dry rainshadow climate. Previous 
studies reveal conflicting information on the population dynamics leading to this 
disjunction. At coarse spatial scales, paleoecological records and paleoclimate 
simulations show that the interior range was uninhabitable by mesic species during the 
last glaciation and that mesic forests may have only recently arrived there during the 
late Holocene. This implies dispersal inland from the more accommodating southern 
coastal habitats as post-glacial conditions ameliorated. In contrast, the existence of 
many endemic species in the interior and deep genetic divergences among disjunct 




refugium within the interior range in northern Idaho. I examined the genetic variation of 
two mesic conifer species, western redcedar (Thuja plicata) and mountain hemlock 
(Tsuga mertensiana), across the PNW using the new RAD-Seq Genotyping-by-
Sequencing method and combined the results with new paleoecological data from the 
same region to reconstruct the past population dynamics that resulted in their current 
distribution.  
The third principal chapter (Chapter 4) aims to investigate the possibility that the 
act of migrating may cause rapid adaptive changes that further enable a species 
response to climate shifts. Tree species must adapt or migrate in response to 
anthropogenic climate change, but there are concerns that some species may not be 
able to keep pace and risk extinction. There is a significant discrepancy between 
migration rates inferred from paleorecords and those observed in species tracking the 
modern climate. Recent studies have emphasized the potential for disjunct refugial 
populations to help explain this gap, but adaptation during migration may have also 
played a role. As the leading edge of a range shift expands, traits such as seed weight 
and wing size can undergo “spatial selection” where trees with better migration potential 
are more likely to populate the leading edge and seed the continued advance. Selection 
favoring the first to arrive and populate new terrain may have the effect of progressively 
concentrating adaptive alleles as migration continues. As a consequence, this may 
increase the rate of migration as better colonization ability is selected. We combined 
western redcedar sequencing results with common-garden seed phenotype 
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CHAPTER 1:  
INTRODUCTION: THE WIND IN CONTEXT 
 
 
“What's past is prologue.” 
 
William Shakespeare, The Tempest 
 
 
1.1 THE ONLY CONSTANT IS CHANGE 
For countless generations our planet was seen as something eternal, a space far 
too massive and implacable for humans to meaningfully impact. Expansionist and 
capitalist policies have reflected this point of view, assuming perpetual growth and 
limitless resources from a planet that has always been able to provide (McMurtry, 
2013). However, it has become clear that humans can, and do, have a global impact on 
the environment. Despite lingering political controversy on the matter, there is abundant 
research indicating that anthropogenic climate change exists and is already affecting 
planetary systems (Pachauri et al., 2014). The year of 2016 was the warmest year on 
record, a record which has been broken almost yearly for the past twenty years (Figure 
1.1; State of the Climate in 2016; (Popovich and Pearce, 2017). The most recent United 
States ‘National Climate Assessment’ attributes increasingly intense heat waves and  
droughts to climate change, as well as shifts in precipitation, flooding, and the reduction 
of available snowpack in western states (National Climate Assessment, 2017).  
These changes have substantial ramifications for ecosystems (McCarthy et al., 





and altering global patterns of species presence and abundance (Parmesan and Yohe, 
2003). Anthropogenic climate change is thought to be occurring faster than any such 
changes in the past 10,000 years (Houghton et al., 2001). Historical records show a 
rapid 0.85 degrees Celsius of warming since 1880, with climate models anticipating 
between 2-6 degrees Celsius by 2100 (Pachauri et al., 2014). There are indications that 
species have already begun to respond to the changes (Chen et al., 2011) but there is 
concern that migrations could lag behind environmental shifts and endanger more 
vulnerable species and genetically-distinct populations (Gitay et al., 2002; Johnstone 
and Chapin, 2003).  
Although it could be argued that climate change is not a novel threat for most 
species, the added effects of numerous anthropogenic stressors may amplify its  
inherent risks. Species have persisted through many periods of past climate change, 
both great and small (Beltrami et al., 2017; Bond et al., 1997; van den Bos et al., 2017). 
A notable example would be the Quaternary glacial cycles, which have occurred over 
the last million years, under which species ranges expanded and contracted in 
response to the freeze and thaw of the continental glaciers. Paleorecords have even 
suggested climatic events with temperature fluctuations as rapid as 10 degrees Celsius 
over ten years towards the end of the last ice-age (National Research Council, 2002). 
Despite the effect these cycles had on species distributions in the northern hemisphere 
there is little evidence of climate-induced extinctions (Botkin et al., 2007), suggesting a 
substantial resilience to the changes. 
Modern climatic changes, however, are occurring as part of the “Anthropocene” 





processes. Humans dominate much of the Earth’s natural systems, with widespread 
control of land and freshwater use, nitrogen fixing, fish stocks, and others (Vitousek et 
al., 1997). Overexploitation of these resources, along with habitat loss, fragmentation, 
invasive species, and pollution, have degraded global biodiversity and ecosystem 
resilience to the effects of climate change (Campbell et al., 2009; Millennium Ecosystem 
Assessment, 2005). New challenges are present on a scale that species would not have 
encountered during previous climate migrations. Strategies that  
enabled many species to survive environmental shifts may now be ineffective due to 
widespread human alteration of the environment. The cumulative effect of these 
anthropogenic stressors, in combination with climate change, may consequently cause 
more species and population losses (Brook et al., 2008).  
The scale and novelty of these changes mean humanity is performing a massive, 
and poorly controlled, experiment on the planet (Usher, 1989). Having built our society 
around an environment that we imagined stable, our concern lies in understanding the 
changes to the ecosystems we have grown accustomed to and the services they 
normally provide us (Costanza et al., 1997). We can study past periods of climate 
change to inform ourselves on the process, but the novel anthropogenic impacts of our 
own activities have added further uncertainty to our efforts at predicting ecological 
responses to the current changes. Therefore, perhaps we are not actually addressing 
the question “what challenges will these species face?”, but rather the worrying doubt 






1.2 THE PAST INFORMS THE FUTURE 
The rooted nature of plants means that their “migration” in response to climate  
change is less direct than those of more ambulatory organisms. Instead of individuals 
following their preferred climate, plants must instead move over the course of multiple 
generations in an iterative progression of population establishment, growth to maturity, 
and seed dispersal (Figure 1.4). However, the multi-generational nature of such 
migrations make it difficult for studies to infer the capabilities of modern-day populations 
and forecast their response to climate change, precluding the possibility of any 
preemptive conservation efforts. This is especially the case in long-lived tree species 
whose migration mechanics cannot be easily observed within decades, or even 
centuries. Consequently, studying plant responses to past periods of climate change 
has important implications for understanding and predicting the effects of  
anthropogenic climate change on modern-day populations (Keppel et al., 2012; Provan 
and Bennett, 2008). The demographic shifts triggered by the changing ice-sheets of the 
most recent glacial cycle make it an effective period for plant climate-response 
research. The expansion and contraction of plant populations as ice-sheets advanced 
and retreated (Figure 1.5) left a long-lasting impact on species distributions and their 
patterns of genetic variation that still visible in extant populations today (Hewitt, 2000). 
Based on these patterns of genetic variation we can infer species response and 
resilience to past periods of climate change, influencing the design and predictive power 
of models used to project future change.  
Evidence has been accumulating that small, isolated populations of plants have 





glaciation (Stewart and Lister, 2001). Such “climate refugia” allow pockets of diversity to 
persist within a regional climate that is otherwise inhospitable for those species, and 
have implications for our understanding of their demographic processes and dynamics 
in response to climate change. Accurately assessing how quickly plants may be able to 
migrate in response to climate change requires knowledge of where past refugia 
occurred and the post-glacial migration patterns of species emerging from those 
populations (McLachlan et al., 2005; Svenning and Skov, 2007). Refugial persistence 
could help explain the apparent post-glacial paradox of tree expansion outpacing 
modern dispersal ability (McLachlan et al., 2005), by acting as pre-dispersed points of 
expansion. They could have also prevented climate-extinctions by maintaining species 
that were unable to migrate to more suitable range. 
The pace of adaptation during periods of rapid climate change could also help 
account for some of the conflict between ice-age inferences and modern day estimates. 
Studies commonly assume that climate-induced range shifts occur too quickly for any 
meaningful adaptations to accrue (Davis et al., 2005). However, the process of 
migration may impose selective pressures on dispersal-related traits by allowing early 
colonizers to disproportionately contribute their genetics (Fisher, 1937; Skellam, 1951). 
This could have potential implications for understanding the climate-resilience of plants, 
as it would affect migration rate modeling estimates and conservation considerations.  
The presence of refugia and the interaction of both migration and adaptation may 
facilitate species persistence in ways that are not yet fully understand or incorporated 
into future anthropogenic climate change impacts. It is important to understand the 





targets for conservation. Equally important, accurately assessing how quickly plants can 
migrate in response to climate change requires knowledge of past refugia and post-
glacial migration patterns.  
 
1.3 OLD QUESTIONS, NEW TECHNIQUES 
Discerning ancient patterns in the abundance and distribution of plant species 
requires an interdisciplinary approach. Although the need to understand past processes 
and their impact on determining the distributions of modern ecosystems has long been 
recognized (Daubenmire, 1952), many of the techniques utilized to infer these changes 
are recent developments that are still being incorporated (Hu et al., 2009). Adapting 
new methods requires an understanding of their strengths and weaknesses and how 
they might synergize with older methods. Three methods in particular are widely utilized 
to study the effects of past periods of climate change: species distribution modeling 
(SDM), paleoecology, and phylogeography. 
By modeling past environmental and climatic conditions, SDMs can calculate the 
probable distribution of a species throughout the past and into the future (Williams et al., 
2013). This makes them an excellent tool for hypothesizing the potential locations of 
refugia and their glacial and post-glacial distribution shifts (Graham et al., 2010; Porto et 
al., 2013). However, SDMs tend to be limited by the baseline assumptions and 
uncertainties inherent to models (Guisan and Thuiller, 2005) and the difficulty of 
obtaining sufficient resolution to infer small-scale topographic features, such as a 





Paleoecology is the oldest approach, providing inferences of vegetation and 
climate on the post-glacial landscape. Paleorecords are often derived from lake 
sediment cores, which can provide data such as the types and abundances of pollen 
(Lisitsyna et al., 2011) and fossil remnants of leaves (Ammann et al., 2014) over a 
potential period of tens of thousands of years. Species-specific macrofossils found in 
the paleorecord provide the most concrete and temporally-precise evidence of that 
species presence in the local watershed and can indicate past presence in regions 
where its modern distribution no longer extends (Ammann et al., 2014; Gavin et al., 
2014). Paleorecords, however, tend to be spatially restricted and can potentially 
overlook the presence of certain species, resulting in a high rate of false-negative 
inferences (Birks, 2014).  
Phylogeography has emerged as an important tool for inferring glacial population 
dynamics. Past demographic events leave a long-lasting impact on the genetic 
landscape of modern populations, producing distinct spatial patterns than can be used 
to infer the processes that created them (Hickerson et al., 2010). This allows for 
inferences to be made of individual populations of a species, compared to the species-
level inferences paleorecords are limited to (Nesbø et al., 1999). However, because 
phylogeographic methods are based upon modern genetic diversity, it can be difficult to 
parse the timing and environment responsible for the inferred demographic changes. 
These methods provide insight into climate-related range shifts and the 
conditions conducive to refugial persistence and migration, but the strengths and 
weaknesses of each are important considerations for the kinds of conclusions that can 





integrating paleoecological, genomic, and modeling analyses, stronger and more 
reliable inferences can be made for hypotheses addressing the demographic processes 
of species persistence during periods of climate change. 
 
1.4 THESIS GOALS  
The goal of this thesis was to infer the population dynamics of two North 
American tree species over the course of the last glacial cycle in order to better 
anticipate the effects of anthropogenic climate change. The tree species, mountain 
hemlock and western redcedar, are widespread conifers with wind-dispersed seeds that 
currently inhabit a non-continuous range across much of the Pacific Northwest. In 
chapter 2, I address the methodology commonly applied by researchers investigating 
past plant population dynamics. In chapter 3, I consider the impact anthropogenic 
habitat fragmentation (Figure 1.6) could have on climate migrations by examining the 
effects of comparable landscapes on post-glacial migrations. Lastly, in chapter 4, I study 
the possibility of a rapid evolutionary response to climate-induced migrations and its 
possible effects on dispersal rate estimates. Overall, this thesis examines the interplay 
of species persistence and dispersal in response to climate change and their relative 
contributions developing the naturally-fragmented modern range of our two conifer 
study species. 
 Numerous conservation efforts have been proposed for managing species range 
shifts under anthropogenic climate change, but selecting which actions are appropriate 
rely heavily on our understanding of how species will respond to periods of climate 





corridors, and conserving refugial sites for long-term persistence (Hewitt et al., 2011; 
McConkey et al., 2012; Minteer and Collins, 2010). If we are unable to properly  
anticipate future responses, conservation efforts could prove to be either ineffective or 
unintentionally counterproductive.  
Inferring plant responses to past climate shifts could also illustrate the 
comparative effectiveness of refugial persistence and dispersal as climatic survival 
strategies. Is migration the default species response to climate change, or have refugial 
populations been a significant factor in determining species ranges? Is this equally true 
for both large and small refugia? It is necessary to identify past refugia in order to 
accurately assess past climate dynamics and evaluate factors that permit successful 
long-term climate resilience. There is still uncertainty on the size of successful refugia, 
their long-term stability, or the number of species they are capable of hosting. Similarly, 
past migrations across complex landscapes inform our understanding of plant 
responses and capabilities under anthropogenic climate change. Studies on past 
migrations can provide data on far-ranging dispersals that took course over millennia, 
and may be the only way to fully evaluate long-term range shifts in plants. There are still 













1.5 FIGURES  
 
 
Figure 1.1 Summer temperatures in the northern hemisphere. Before (left) and after 
(right). The baseline for expected summer temperatures has shifted upwards over time, 
resulting in heatwaves and more extreme temperature fluctuations. (Modified from 











Figure 1.2 Human alteration of the Earth’s ecosystems. Shown as percentage of total 
global stock that is directly altered by human activities. Humans already have 


















Figure 1.3 Anthropogenic impacts on biodiversity degradation. The figure demonstrates 
the effects of habitat change, climate change, and over-exploitation on separate global 
biomes based on their degree of impact over the past century (shades of red) and 
current trends (arrows). Human impact on biodiversity is almost exclusively either 













Figure 1.4 Cumulative multi-generational migration in trees. As sessile organisms, 
plants cannot actively migrate. Their range shifts instead occur over multiple 
generations through repeated leading-edge seed dispersals. Each generation of seeds 
must establish, mature, and disperse its own seeds for the distribution to advance 















Figure 1.5 Contraction and expansion of white spruce across North America. Climate 
changes during the most recent glacial cycle caused dramatic range shifts, as can be 
seen here in the shifting pollen-presence records of white spruce. The entire distribution 
of white spruce shifted south into a wholly United States distribution at the glacial 
maximum (21.5 ka), then north, into a wholly Canadian present distribution (0.5 ka), 
over the course of the last glacial cycle. Shifting to each extreme required a substantial 




















Figure 1.6 Satellite photograph of farmland in the state of Kansas, USA. Human 
activities have increased habitat fragmentation on the landscape. Here expansive 
farmland around a road network have replaced the native habitat, potentially closing a 
species migration corridor and isolating genetically-distinct populations. Although plant 
species have dealt with climate change in the past, such anthropogenic elements did 
not previously exist. They add novel challenges to plant migration and increase 













CHAPTER 2:  
GREATER THAN THE SUM: TRIPARTITE INFERENCES OF QUATERNARY 
CONIFER PRESENCE IN THE PACIFIC NORTHWEST 
 
 






Uncovering the ice-age population dynamics that resulted in modern plant 
species distributions is a challenging undertaking but crucial for accurately gauging the 
future impact of anthropogenic climate change. Many long-lived tree species can take 
decades to reach maturity, and critical evaluation of their present-day climate resilience 
may come too late for the conservation of more vulnerable populations (Gavin et al., 
2014). Studying demographic responses to past periods of climate change can provide 
long-term, continental-scale insight into the responses expected for current and future 
plant populations (Feurdean et al., 2013; Keppel et al., 2012; Snell and Cowling, 2015). 
Evidence is accumulating that small, isolated populations of trees have persisted in 
locally suitable habitats through the climate fluctuations of the most recent glacial period 
(Stewart and Lister, 2001). Such “climate refugia” allow pockets of diversity to persist 
within a regional climate that is otherwise inhospitable for those species, and have 





Accurately assessing the role of refugia requires knowledge of where any past 
refugia occurred and the post-glacial migration patterns of species emerging from those 
locations (McLachlan et al., 2005; Svenning and Skov, 2007). Three major lines of 
evidence have been the primary modes utilized to infer past demographic processes: 
paleorecord data, species distribution models, and phylogeographic data. When 
considered in isolation, each method can produce potentially misleading results, but 
together they synergize to more effectively elucidate past processes. This is because 
the weaknesses of one approach can be supplemented by the strengths of another, 
allowing for broader and more in-depth inferences to be drawn on the presence and 
impact of refugial populations and their post-glacial migration (Gavin et al., 2014). 
Researchers have made abundant use of each of these lines of evidence to infer 
the demographic impacts of the most recent glacial cycle. Of the three, species 
distribution models (SDM) are the most inexpensive and readily implemented, as there 
are abundant ecological and climatic data available to begin informing a model (Gavin 
et al., 2014). SDMs attempt to estimate the most likely distribution of a species through 
time by modeling shifts in the factors that are most expected to determine their range. 
By modeling environmental and climatic conditions, such as moisture or temperature, 
researchers can estimate the most likely distribution of a species through time (Guisan 
and Zimmermann, 2000; Williams et al., 2013). However, SDMs are based upon the 
assumption that the modern factors used to estimate past species presence have been 
accurately measured, are uniform across the species range, and have remained 
constant through time (Guisan and Thuiller, 2005; Holt, 2009; Veloz et al., 2012), which 





2007). Additionally, the resolution of climate data is often rough and broad-scale, 
obscuring smaller topographic features that may harbor important refugial microclimates 
(Dobrowski, 2011). Although crucially limited by the measurements and assumptions 
they are based upon, models offer a powerful exploratory tool that can be used to 
extrapolate a species’ shifting presence across any space and any era (Graham et al., 
2010; Porto et al., 2013). 
The paleorecord, by contrast, can offer direct evidence of past species presence 
(Gavin et al., 2014; Hopkins et al., 1981), but their sporadic availability make broad 
inferences difficult (Roberts and Hamann, 2015). Paleoecological studies utilize the 
preserved remnants of past environments to infer the effects of shifting climates and 
provide a framework for understanding ecological resilience. A common approach is to 
analyze lake sediment cores, which contain a record of biological indicators from the 
surrounding watershed that have accumulated over millennia and thus document 
changes in vegetation type and abundance (Dodd and Stanton, 1990). For example, 
pollen and macrofossil data can be used to indicate climatic conditions and infer when a 
species was locally present, its initial arrival to the region, and changes in its abundance 
over time (Cruzan and Templeton, 2000). Although paleo-datasets have been used 
extensively to infer glacial refugia and post-glacial migration routes (Binney et al., 2009; 
Huntley and Birks, 1983; Jackson et al., 1997; Ritchie et al., 1987), their limited spatial 
coverage often makes them ineffective for uncovering remote populations or keeping 
track of shifting migration patterns (Birks and Willis, 2008; Willis and Van Andel, 2004). 
It has additionally been suggested that small, stressed refugial populations persisting 





pollen signals that are difficult to detect in sediment records (Birks and Willis, 2008; 
Dobrowski, 2011). Cryptic refugia that had an important post-glacial role repopulating 
the modern distribution could therefore be inadvertently overlooked in the paleorecord 
or their weak pollen signals mistakenly attributed to long-distance transport by wind 
currents, generating false negatives (Gavin et al., 2014).  
New techniques have increasingly allowed genetic data to complement 
paleorecord inferences of population dynamics across space and time (Hu et al., 2009; 
Magri et al., 2006; Petit et al., 2003). Long-term isolation can produce distinct genetic 
differences between separate refugial lineages (Provan and Bennett, 2008). 
Demographic changes in those lineages, such as range-shifts and migrations in 
response to glacial cycles, can also result in long-term, geographically-structured 
patterns of genetic variation among the modern descendants of each refugium (Avise, 
2000; Hewitt, 2000; Taberlet et al., 1998). These patterns allow researchers to infer the 
past demographic processes of individual lineages within a species, a distinction that 
cannot be made by paleorecords or models (Scoble and Lowe, 2010; Tzedakis et al., 
2013). Demographic events, however, can also potentially produce misleading signals. 
For example, since studies are limited to the living descendants of each genetic lineage, 
the local extinction of a lineage can mask the extent of a refugium’s former distribution 
(Tzedakis et al., 2013). Genetic data most often corroborate inferences previously 
drawn from fossil data, but can also enrich the conclusions that are drawn by 
uncovering more obscure patterns (Anderson et al., 2006; McLachlan et al., 2005; 





The differences in spatial and temporal constraints prevent any single approach 
from providing a comprehensive interpretation of past demographic processes. 
Paleorecord data are effective at inferring factors on a temporal scale but not on a 
spatial one, whereas the inverse is true for phylogeographic data. Paleorecords are the 
only way to directly infer species movement across the landscape through time, but are 
spatially limited by sampling site availability. Phylogeographic data are the only way to 
directly infer refugial populations and the patterns of post-glacial expansion of those 
lineages, but are temporally limited to the modern-day end result of those processes. 
Species distribution models, by contrast, are not so much constrained by spatial or 
temporal considerations but by their indirect inference of past demographic processes 
based upon the assumptions and input data selected to inform the model. A combined 
approach is therefore synergistic, with each method strengthening the weaknesses of 
the others to provide a clearer understanding of post-glacial vegetation dynamics 
(reviewed by Gavin et al., 2014).  
The mesic temperate forests in the Pacific Northwest (PNW) of North America 
provide an ideal biogeographical model to examine the benefits of a synergistic 
approach for inferring complex patterns of climate-induced distribution changes 
(Roberts and Hamann, 2015). These forests have disjunct coastal and interior ranges, 
separated by >150 km of arid habitat in the rain-shadow of the Cascade Range. The 
origin of the modern interior distribution remains a subject of debate, with disagreement 
on how these disjunct communities developed following the last glaciation. Each of the 
three methods (SDM, paleoecology, population genetics) have been employed to infer 





conflicting results (Gavin et al., 2014). Some results imply expansion into the interior via 
post-glacial dispersal of coastal populations, whereas others infer evidence for glacial 
persistence within, and post-glacial expansion from, an interior refugium. To evaluate 
these alternative hypotheses and the effect that methodology can have for discerning 
species history, we inferred the post-glacial history of mountain hemlock (Tsuga 
mertensiana), a widely distributed PNW conifer, using each method independently and 
then considering them in combination.  
The Pacific Northwest features complex interactions of geography and climate 
and has undergone drastic ecosystem changes over time. The ice-sheets of the most 
recent glaciation covered much of the current mesic range (Shafer et al., 2010), and 
shifted the distributions of species southward (Brunsfeld et al., 2001). Understanding 
the persistence and dispersal capacities of species in response to past climate change, 
and the relative contribution of those factors in determining the modern range are key 
insights for inferring their resilience to future climate changes. Species respond 
individualistically to climate change (Davis, 1976) and, though there may be common 
patterns among many PNW mesic species, disentangling the demographic effects of 
these conditions for mountain hemlock requires a species-specific approach.  
There are three general hypotheses considered for the modern PNW mesic 
ecosystem (Figure 2.1). First, ice-age persistence and post-glacial expansion from one 
or more interior refugia (Figure 2.1a). Second, ice-age persistence and post-glacial 
expansion from one or more coastal refugia (Figure 2.1b). Third, a combination of 
coastal and interior persistence (Figure 2.1c). The modern coastal range extends 





mesic range contracted into its southern extent (Roberts and Hamann, 2015). 
Conditions in the interior distribution are believed to have been inhospitable for mesic 
species (Gavin, 2009) but suitable microclimate habitats may have existed within certain 
topographic features, such as river canyons (Dobrowski, 2011).  
The origin of the interior distribution is usually attributed to either dispersal inland 
from the coastal refugium or persistence within additional refugia in the interior 
(Brunsfeld et al., 2001; Daubenmire, 1952). If the arid zone separating the two mesic 
distributions proved to be an insurmountable post-glacial dispersal barrier, then the only 
explanation for co-distributed mesic species would be ice-age persistence within both 
coastal and interior refugia. However, if the Columbia Basin was not as substantial a 
barrier, coastal and/or interior populations could be a combination of local expansion 
and long-distance dispersal from the alternate distribution.   
If glacial refugia persisted solely in the coastal or interior distribution and 
repopulated the opposing range as climatic conditions improved we would expect LGM 
modeling and paleovegetation evidence of hemlock in only one distribution, along with 
genetically similar populations across both distributions. If glacial refugia persisted in 
both the coastal and interior distribution and each repopulated their respective ranges 
we would expect LGM modeling and paleovegetation evidence in both distributions, 
along with genetically distinct populations unique to each distribution. If both inland and 
coastal refugia repopulated one of the distributions we would expect LGM hindcast and 
paleovegetation evidence of the target species in both distributions, along with a 







Mountain hemlock (Tsuga mertensiana) is a North American subalpine conifer 
with a primary distribution in the coastal areas of the PNW, from central California to 
southern Alaska, and an additional interior distribution in northern Idaho and southern 
British Columbia (Figure 2.1). The species can be found at elevations between 0-3,500 
m depending on latitude, growing in cold, mesic habitats with ample snowpack and a 
short growing season. Such environmental preferences make mountain hemlock highly 
sensitive to arid conditions, such as the region east of the Cascade Range that lies 
between the coastal and interior ranges of this species. Mountain hemlock is a long-
lived tree that reaches sexual maturity around 20 years of age (Means, 1990; Ruth, 
1974), and can live over 800 years (Brooke et al., 1970). The trees are monoecious and 
primarily outcrossing (≥96%), with very low levels of selfing (Ally et al., 2000), although 
they are capable of reproducing vegetatively through layering in more stressful 
environments (Lowery, 1973). Seeds and pollen are primarily wind-dispersed (Brooke et 
al., 1970; Means, 1990); however, ~50% of seeds fall within 30 meters of the parent 
tree, with less than 10% reaching 120 meters (Shearer et al., 1986). In mast years, 
seeds are prolific, reaching 1,677,000 seeds/acre (Franklin and Smith, 1974).  
The past geographic distribution of a species can be modeled by applying the 
modern conditions that encompass that species ecological niche to a paleoclimate 
model. The historical distribution is extrapolated based on where the past climate most 
closely approximated the species current preferred environment (Peterson, 2001). In 
order to provide spatial and temporal context for our hypotheses of post-glacial hemlock 





species models to infer the paleodistribution of mesic species and potential post-glacial 
migration routes. We additionally developed a model to specifically consider coastal and 
interior mountain hemlock paleo-presence based on a mean of all climate factors 
provided by the Paleoclimate Model Intercomparison Project (PMIP). Using a recently 
updated evaluation of the modern mountain hemlock range, we modeled hemlock 
presence across the northwestern United States at 21 and 6 ka. Since differences in the 
statistical techniques and environmental datasets between models can have a 
significant impact on the inferences drawn (Peterson and Nakazawa, 2008; Segurado 
and Araujo, 2004), we avoid over-interpretation by limiting our consideration to broad 
patterns across the PNW and their applicability to the hypothesized refugial scenarios. 
Pollen-based vegetation reconstructions from the PNW provide spatial and 
temporal context for interpreting the phylogeographic data of mountain hemlock. We 
conducted a review of published paleorecords that include mountain hemlock pollen to 
trace its patterns of glacial persistence and post-glacial migration based upon the 
presence/absence of hemlock pollen through time. Mountain hemlock pollen can be 
readily identified at the species level (Gavin et al., 2001) and as a consequence is a 
common component of Pacific Northwest sediment core pollen descriptions. We 
obtained published pollen records from the Neotoma Paleoecology Database 
(http://www.neotomadb.org/), as well as additional paleorecords where available. 
Mountain hemlock is well known for its tendency to leave weak pollen evidence in the 
fossil record, even on occasions where it was prevalent in the local watershed 
(Dunwiddie, 1987; Hebda, 1995; Mathewes, 1993; Rosenberg et al., 2003). We 





reached at least 1% of the counted total, indicating its presence within 140 km (Herring 
et al., 2017). Records were then classified into five time slices (>20 kyr, >15 kyr, >10 
kyr, >5 kyr, and >0 kyr) according to the basal age of the record and the age at which 
mountain hemlock first reached the 1% pollen threshold. The timeframe of mountain 
hemlock pollen presence was based upon the author’s evaluation of the paleorecord’s 
reliable age range. To account for chronological uncertainty, we included a record in an 
age category if pollen evidence of mountain hemlock occurred within 200 years of the 
time specified (e.g., the ‘>20 kyr’ age class includes records 19,800 years and older). 
Because many pollen records have >1% hemlock pollen at the oldest (i.e., basal) 
sample, this survey may not necessarily capture the earliest arrival of the species at all 
sites and should thus be interpreted as the minimum age of local hemlock 
establishment.  
Foliar material (needles) was collected from 149 individuals of T. mertensiana at 
21 sites across the Pacific Northwest. At each site, 2-3 twig segments ca. 6 cm in length 
were collected from each of 7-10 individuals, spaced apart by at least 100 m. Foliar 
material was preserved in loose silica desiccant immediately upon collection, and then 
stored at 4°C at the University of Illinois at Urbana-Champaign. We extracted DNA from 
20 mg of unblemished foliage subsamples using a CTAB procedure modified from 
O’Connell et al. (2003). DNA extractions were checked for purity (260/280 > 1.8; 
260/230 > 1.5) with a Thermo Scientific Nanodrop™ 2000c UV-Vis Spectrophotometer 
and quantified by Thermo Fisher Scientific Qubit™ 2.0 Fluorometer according to the 
manufacturer’s instructions. Extractions were also visually inspected for DNA 





We submitted 1 µg samples of 20 ng/µl DNA to Floragenex Inc. (Eugene, Oregon 
USA) in 96-well plates for ddRADseq library preparation (Peterson et al., 2012) and for 
single-end sequencing using the Illumina™ HiSeq 2000/2500 platform. Libraries were 
constructed using PstI (6 bp restriction site) as the infrequent cutter and MseI (4 bp 
restriction site) as the frequent cutter. We generated 728,050,861 Illumina reads for 149 
mountain hemlock samples distributed over three 96-well sample plates. Raw 
sequencing reads were processed using the program Stacks (v1.35) where reads were 
demultiplexed, filtered for quality as well as barcode and RADtag presence, and then 
categorized into the most statistically probable SNPs and genotypes (See (Catchen et 
al., 2013, 2011).  
We analyzed our SNP dataset using a combination analysis of molecular 
variation (AMOVA), principal component analysis (PCA), and discriminant analysis of 
principal components (DAPC) to reconstruct the species population history. We 
conducted a hierarchical analysis of molecular variance (AMOVA; (Excoffier et al., 
1992) to estimate the molecular variance among our sampling sites and evaluate our 
competing scenarios (ancient vicariance and recent colonization). Because this analysis 
is sensitive to missing data, we generated a reduced dataset containing only 14 
populations using the Stacks subprogram Populations to maximize the number of 
communal loci. This dataset included all 7 interior populations (Figure 2.6, sites 5-7, 16-
19) and 7 coastal populations selected from comparable latitudes (Figure 2.6, sites 8-
14). For a locus to be included in this dataset we required it to be present in all 14 
sampling sites and in ≥50% of the individuals at each of those sites, producing 292 loci 





order to consider the structure among those groups as expected under our ancient 
vicariance and recent dispersal scenarios. This a priori analysis was contrasted by a 
second hierarchical AMOVA conducted a posteriori among the northern and southern 
clusters based on our Structure analysis (see Results). We ran AMOVA in Arlequin 
(v3.5; (Excoffier and Lischer, 2010) with 10,100 permutations to examine the distribution 
of genome-wide genetic variation between groups (FCT), among populations within 
groups (FSC), and among populations (FST).  
We additionally visualized the population structure of our genetic data using 
principal component analysis (PCA; (Jombart et al., 2009), discriminant analysis of 
principal components (DAPC; (Jombart et al., 2010), and spatial principal component 
analysis (sPCA; (Jombart et al., 2008). These methods do not rely on the assumptions 
underlying Structure (e.g., Hardy-Weinberg equilibrium and linkage disequilibrium) and 
provide an alternative substantiation of our a priori and a posteriori population structure 
scenarios. We ran PCA to infer axes of genetic variation in our data and visualized them 
according to our population structure scenarios (coastal versus interior and north versus 
south). We used DAPC to infer the number of population clusters (K) by partitioning 
genetic variance ‘between-group’ and ‘within-group’ and identifying the configuration 
that maximizes discrimination between the two (Jombart et al., 2010). We ran the 
find.clusters function in adegenet with every PC (n = 149) and selected K = 2 clusters 
for our DAPC. We then retained only 45 principal components (67% of variation) for 
discriminant analysis to avoid over-fitting the model without sacrificing too much 
information. We ran an sPCA, a modified PCA that takes spatial positioning into 





were scored by ‘global’ (groupings and clines) and ‘local’ (more genetic differentiation 
between neighbors) structure and presented visually (Jombart et al., 2008). To run 
these three analyses (PCA, DAPC, and sPCA) we utilized a reduced dataset of 310 
unlinked loci (50% of individuals within a population and at least 20 of 21 populations) to 
minimize missing data. Any missing data was imputed with the most common genotype 
at that particular site. The analyses were run using the adegenet (v2.0.1; (Jombart and 
Ahmed, 2011) package in R (v3.2.0; (Team, 2016).  
 
2.3 RESULTS AND DISCUSSION 
To construct our Pacific Northwest species distribution model, we used an 
updated modern mountain hemlock range based on recently revised species 
occurrence data and 800m-resolution paleoclimate simulation data for 21 and 6 ka from 
the Paleoclimate Model Intercomparison Project (PMIP). The model inferred probable 
hemlock distribution based on a mean of all climate factors provided by the PMIP 
(Figure 2.2). The model showed broadly-distributed mountain hemlock presence, at 
varying degrees of likelihood, across much of the PNW at the last glacial maximum (Mix 
et al., 2001). Although the model showed small pockets of mid-level presence likelihood 
(ca. 0.4-0.6) in eastern Oregon and northern Idaho, the highest-likelihood areas (>0.8) 
were clustered in western Oregon and northern California. The densest region of high-
likelihood was in western Oregon, while small, discontinuous patches were scattered 
throughout northern California and the Sierra Nevada. In the 6 ka model, the highest-
likelihood regions shifted northwards into Washington and emerged in northern Idaho. A 





the Sierra Nevada in California. The models would suggest hemlock persisted on the 
southern coast, possibly as a mix of continuous and sporadic forests, and shifted 
northwards as the post-glacial climate warmed.  
Previous PNW studies modeling mesic distributions have primarily predicted 
refugial presence on the southern coast, with few indications of interior-distribution 
refugia. A study by (Roberts and Hamann, 2015) employed a broad modeling approach 
for identifying ice-age refugia, hindcasting the paleodistributions of 22 western North  
American tree species on the basis that they would more densely overlap in regions 
capable of hosting refugia. They found few indications for populations near the ice-
sheets, though the model did infer a possible mesic refugium in the ice-free portions of 
Haida Gwaii (Shafer et al., 2010). The most substantial overlap among modelled 
species ranges were instead found further south, with mesic species converging in the 
coastal Oregon/California and Sierra Nevada regions and subalpine species converging 
as far north as northern Oregon (Roberts and Hamann, 2015). Their hindcasts for 
mountain hemlock, a subalpine mesic species, using the Geophysical Fluid Dynamics 
Laboratory (GFDL) and Community Climate (CCM1) models showed a very limited LGM 
range clustered around north-coastal California, the Sierra Nevada, and the Klamath 
mountains in south-coastal Oregon (Figure 2.3).  
 Overall, species distribution modeling would suggest ice-age persistence on the 
southern coast for mountain hemlock. The only pattern common among all three 
distribution models (GFDL, CCM1, and PMIP-based; Figures 2.2 and 2.3) was presence 
in the Klamath mountains and the Sierra Nevada at the LGM. Our model inferred 





Washington, substantially farther north than either of the two Roberts & Hamann (2015) 
models. This would suggest a broader ice-age distribution in much closer proximity to 
the ice sheets than previous expectations.  
Our survey of mountain hemlock pollen records from the PNW show a pattern 
consistent with postglacial population expansion from a singular southern coast 
refugium (Figure 2.4). The only paleorecords with mountain hemlock presence prior to 
and during the LGM (>20 kya time step) are found in Washington, Oregon, and 
California. The pollen records would suggest that mountain hemlock was widely 
distributed, although it is not clear whether they represent a continuous hemlock 
refugium or several disconnected forest clusters. The modern range features numerous 
disconnected forests, as hemlock is a subalpine species and their distribution follows 
the higher altitude mountainous areas of the PNW. However, the glacial climate is 
believed to have lowered the regional tree-line by as much as 1,000 meters (Whitlock, 
1992), which may have granted hemlock a broader, and potentially more connected, 
ice-age distribution.  
By the ‘>15 kya’ time step mountain hemlock pollen could be found in areas 
substantially further north, at the northern end of Vancouver Island (southwestern British 
Columbia) and near the southern edge of the Alexander Archipelago (southeastern 
Alaska). The early northern emergence of hemlock with the deglaciation of the coastline 
suggests either rapid dispersal northward from populations on the southern coast, or a 
possible indication of expansion from a cryptic northern refugium in Vancouver Island or 





refugium would have a significant impact on the post-glacial population dynamics of 
mountain hemlock and its inferred rate of dispersal.  
By the ‘>10 kya’ time step the coastal ice-sheets have completely disintegrated 
and mountain hemlock expanded only moderately further north into the Alexander 
Archipelago and south into the Sierra Nevada (central California). Despite arriving at the 
Alexander Archipelago, numerous cores indicate that hemlock had not yet reached the 
main body of Alaska. There are no records available in the Sierra Nevada prior to this 
point, so it is difficult to infer whether its emergence there was a result of dispersal 
southward or the expansion of a hidden refugial population.  
By the ‘>5 kya’ time step there are sediment cores in the interior distribution of 
the mesic disjunction (southeastern British Columbia and northern Idaho) available, but 
mountain hemlock pollen was not yet present. Hemlock had expanded only marginally 
further north along the coast from the previous time step, its progress seemingly stalled 
in the Alaskan panhandle. However, within the last 5,000 years of the ‘>0 kya’ time step 
mountain hemlock finally reached the main body of Alaska, and emerged within the 
interior mesic distribution. The lack of hemlock pollen within the interior distribution 
sediment cores at the ‘>5 kya’ time step, followed by its broad emergence within the ‘>0 
kya’ time step, suggests that either the interior only recently became climatically suitable 
for hemlock or that the interior hemlock distribution was the result of a rare long-
distance dispersal event across the rain-shadow from a coastal population.  
Paleorecord inferences of PNW climate and vegetation since the LGM indicate 
substantial variation across the range. Climatic conditions inferred for the unglaciated 





conifer forests and tundra (Heusser et al., 1985). The Columbia Basin, which 
encompasses the arid divide between the modern coastal and interior distributions, 
appears to have played a similar historical role, consisting of cold and dry sagebrush 
steppe or pine woodland until the late Holocene (Mack et al., 1978). Paleorecords show  
little indication of tree presence within the interior distribution itself during the late-
glacial, with indications of a mesic climate only emerging between 6.6 – 4 ka (Braconnot 
et al., 2007; Mehringer Jr et al., 1977; Otto-Bliesner et al., 2006; Walker and Pellatt, 
2003). The modern mesic forest began to establish thereafter, with mountain hemlock 
developing its first notable presence only ca. 4.1 ka (Herring et al., 2017).  
Overall, the paleorecords suggest that mountain hemlock likely persisted within a 
single southern-coast refugium, rapidly expanding northward as the glaciers retreated 
and only recently dispersing to the interior distribution. Paleoclimate inferences suggest  
the interior ice-age climate could not have supported mesic species (Gavin et al., 2014; 
Otto-Bliesner et al., 2006) and that mountain hemlock was only able to expand inland 
within the last 5,000 years as a result (Herring et al., 2017). 
Our genomic data indicate the presence of two distinct refugial lineages of 
coastal origin, each of which independently migrated inland to populate the interior 
distribution (Figure 2.5). We inferred population structure using principal component 
analysis (PCA; (Jombart et al., 2009) and discriminant analysis of principal components 
(DAPC; (Jombart et al., 2010). The PCA inferred axes of genetic variation in our data  
and visualized them according to our population structure scenarios (coast/interior, 
north/south). We used DAPC to infer the number of population clusters (K) by 





configuration that maximizes discrimination between the two (Jombart et al., 2010). The 
first principal component of our PCA (PC1, 5%) separates sites into north and south 
groups (Figure 2.6A). Our data partially segregates between coastal and interior sites, 
although with substantial overlap, along the second principal component (PC2, 3%; 
Figure 2.6B). This overlap between the coast and interior is further defined in another 
PCA (Figure 2.6C) where each data point is labeled by its site number (see Figure 2.5) 
and color-coded according to geographic origin and population cluster, demonstrating 
that a subset of coastal sites cluster with their respective lineage’s interior sites (North: 
sites 9-12; South: sites 13-15).  
Our DAPC results for K=2 (Figure 2.7A,B) reflect the same north/south pattern of 
genetic differentiation seen in our PCA. We ran exploratory analyses at higher K values 
to consider the possibility of additional structure and found that clusters maintained a 
coherent geographic pattern until K=5, at which point individuals within populations 
began splitting into spurious groups. At K=4 the north and south clusters have each 
separated into two clusters, splitting into generally coastal and interior distribution 
groupings (Figure 2.7C,D). The four clusters reflect component 2 of our PCA, with a 
similar subset of coastal sites clustering with the interior groups (North: Cluster 2, sites 
10-12; South: Cluster 4, sites 13-14). These coastal sites are all proximate to one of two 
presumed mesic dispersal corridors between the coastal and interior distributions 
(Gavin, 2009), suggesting that these sites are where migrants into the interior originated 
from. Both corridors connect the interior populations to a coastal region dominated by its 
matching genetic lineage. The process of migrating inland must have generated a small 





populations as to cluster together but distinct enough to distinguish them from other 
coastal sites. This would suggest that both lineages emerged from coastal refugia, each 
utilizing the closest dispersal corridor available to independently populate the northern 
and southern interior distribution.  
To further test our hypotheses on coastal versus interior persistence, we 
evaluated our SNP dataset using a hierarchical analysis of molecular variance 
(AMOVA; (Excoffier et al., 1992) to estimate the molecular variance among our 
sampling sites (Table 2.1). We found that most of the genetic variation (>89%) resided 
among individuals, though grouping our populations according their north/south genetic 
lineages accounted for significantly more variation than coast/interior grouping. We 
were thus unable to find evidence of differentiation between the coastal and interior 
distributions and failed to reject our a priori null hypothesis of recent colonization (Table  
2.1a), but were able to corroborate the latitudinal pattern of population structure (Table 
2.1b). 
Few prior genetic resources exist for mountain hemlock, which limited the ability 
to infer past population processes. An allozyme study found little population 
differentiation throughout the range and inferred expansion from a southern coastal 
refugium, but included only a single interior population that weakly clustered with the 
coast (Ally et al., 2000). Our RADseq dataset was able to provide a more detailed 
analysis of the species history, revealing a northern lineage consisting of Alaska, British 
Columbia, and northern Washington (Sites 1-12), and the southern lineage of Montana, 
Idaho, Oregon, and California (Sites 14-21). This split suggests ice-age persistence in 





produce the modern distribution once conditions improved. The most parsimonious 
location for a northern-lineage coastal refugium would have been an ice-free portion of 
Washington state, with the southern lineage likely originating from the California/Oregon 
region. Refugia have been inferred in Vancouver Island and Haida Gwaii for other 
species, but hemlock persistence that far north would necessitate rapid post-glacial 
dispersal southward in order to halt the southern lineage’s northward expansion and 
generate the genetic pattern seen in our data. The north/south split exists within both 
the coastal and interior ranges, with the northern interior sites clustering with the 
northern coastal sites and the southern interior sites with the southern coastal sites 
(Sites 5-7, 16-19). The lack of divergence between the coast and interior within each 
lineage suggests that the spatial division between those populations is recent and 
therefore likely a result of post-glacial migration, as there has not yet been sufficient 
time for them to genetically differentiate. 
When we collectively consider all three approaches to understanding the species 
history of mountain hemlock, a clearer and more complete reconstruction of its post-
glacial population dynamics emerges than would be possible with any singular method. 
The most common pattern among the species models for mountain hemlock suggests 
refugial persistence exclusively on the southern coast, as one or more refugia in the 
region of Oregon and California. The paleorecord offers a similar conclusion, but 
demonstrates direct evidence of hemlock ice-age presence even further north into 
northwestern Washington. We are unable to interpret ice-age species presence using 
our genetic data, but can distinguish two refugial lineages in modern populations and 





Given our results, we can infer that the California/Oregon/Washington coastal 
region currently inhabited by each genetic lineage had hemlock trees present during the 
LGM. This would suggest that both lineages were coastally present at the LGM and 
therefore had to have originated from southern-coast refugia. The genetic similarity of 
their modern coastal and interior populations, and the substructure implying inland 
migration, additionally make it unlikely either lineage had an interior refugium. The long-
term and continuous pollen signal in the Olympic Peninsula of Washington suggests this 
area may have harbored the northern-lineage refugium. The common inference of LGM 
hemlock presence around the Oregon/California border, as well as several sites 
indicating hemlock pollen in the region, suggest that area may have harbored the 
southern-lineage refugium. As post-glacial conditions improved these two refugia 
expanded. The northern refugium rapidly expanded northward along the coast as the 
ice-sheets retreated inland, crossing inland over the Okanagan highlands late in the 
Holocene. The southern refugium had its northward migration blocked by the expansion 
of the northern refugium, later dispersing inland over the central Oregon highlands.  
The interpretation each method is capable of independently producing varies in 
its level of overall accuracy and confidence, given the collective interpretation of our 
results. Based only on modeling, the inference for hemlock would likely be refugial 
persistence and expansion from a single small refugium in northern California with the 
possibility of a second in the Sierra Nevada. With pollen, the likely inference would be a 
single continuous ice-age refugium extending from northern California to Washington, 
with a recent inland expansion across the Okanagan highlands of southern British 





coastal, origin that managed to each disperse across the rain-shadow divide. The 
interpretation generated by any single approach was able to provide a partial 
interpretation of the species history, but included vulnerabilities open to 
misinterpretation. The species modeling did not have sufficient resolution to detect the 
more northern populations uncovered by paleorecords, the paleorecords could not 
distinguish the separate refugia, and the genetic data had no perception of the time 
scale any of its inferred demographics occurred on. A combined approach was 
therefore best suited for fully understanding the complex biogeography of mountain 
hemlock. 
Future methods may change the reliance on this synergy as new techniques 
allow for broader inferences. The difficulties in capturing the effect of small-scale 
topographical features and the microclimate environments they can create limits most 
modeling efforts to macrorefugia (Gavin et al., 2014). This was evident in our mountain 
hemlock inferences as the models were only able to clearly detect the southernmost 
coastal refugium, overlooking the northern refugium near the ice sheets. Future 
refinement of microclimate modeling may allow species distribution models to more 
accurately gage past refugial sites in the absence of paleorecord and genetic data. 
Genetics may similarly benefit from the eventual inclusion of a temporal aspect. 
Nascent techniques for retrieving ancient DNA (aDNA) from sediment records may 
allow researchers to detect the presence of specific refugial lineages through time. 
Using fragments of ambient DNA that have collected in sediment layers, aDNA is often 
identifiable to the species level and may be able to potentially detect the presence of 





able to detect the presence of LGM spruce from sediment records at a site that was no 
longer capable of sustaining the species, and could not otherwise provide genetic data 
for analysis. Until these techniques mature, however, the most reliable interpretation of 
species histories derives from a synergistic combination of species distribution models, 























2.4 FIGURES AND TABLES 
 
 
Figure 2.1 Conceptual diagrams of dispersal scenarios for mountain hemlock. Colors 
(black, white) indicate distinct refugial lineages. Panels are organized temporally from 
left to right, with the left-hand panel depicting the geographical distribution of lineages 
during the last glacial maximum, the center panel depicting post-glacial migration routes 
within and between the coast and interior, and the right-hand panel depicting the 























Figure 2.2 Species distribution model of expected mountain hemlock presence. 
Reconstruction based on 800m resolution for 21,000 and 6,000 yr BP using data from 
the Paleoclimate Model Intercomparison Project (PMIP) based on a mean of all climate 
factors. Mountain hemlock has a primarily southern-coastal distribution during the LGM, 















Figure 2.3 The current and hindcast distributions of mountain hemlock. The inferred 
species distribution based on the observed 1961-1990 climate (left), based on the 
CCM1 paleoclimate reconstruction at 21,000 years ago (middle), and based on the 















Figure 2.4 Survey of published pollen records for the Pacific Northwest. The pollen 
records have been partitioned into five time steps, separated by 5,000 year intervals. A 
yellow square indicates that a pollen record includes data for this time step, but 
mountain hemlock pollen had not yet reached the 1% representation threshold in this, or 
a previous, time step. A red circle indicates that during this, or a previous, time step 






















Figure 2.5 Sampling sites from the current-day geographic distribution of mountain 
hemlock. Each sampling site (numbered 1-21) is colored according to the refugial 
lineage it is most closely attributed to. Populations 1-12 belong to the northern cluster 






Figure 2.6 Genetic principal component analysis (PCA). Data points are colored 
according to their northern or southern Structure genetic cluster association (A; blue, 
orange) and their coastal or interior distribution source (B; teal, black). These 
associations are further detailed in panel (C) for each numbered site (light blue = 
northern coastal, dark blue = northern interior, yellow = southern coast, red = southern 







Figure 2.7 Genetic discriminant analysis of principal components (DAPC). Based on the 
number of clusters (K) requested, the analysis attempts to separate the genetic data 
into the most differentiated groups possible. Here we demonstrate genetic differentiation 
into K=2 (A) as seen in our PCA results in figure 2.6. We further differentiate our data 
into K=4 (C) clusters to demonstrate genetic substructure in our data. Any further K 
above this value lose geographical coherence as distinct groups. The population 
numbers correspond to those detailed in figure 2.5. The separation of both analyses 




























































































































Table 2.1 Hierarchical Analysis of Molecular Variance (AMOVA) of mountain hemlock 
genetic variation. Variance is partitioned geographically: (A) between north and south 
genetic clusters, among populations within clusters, and among individual trees within 
populations, or (B) between coastal and interior ranges, among populations within 
ranges, and among individual trees within populations. Asterisks indicate significant 
effects (P < 0.05). 
 
A. North versus South 
Source of Variation d.f. Sum of Squares Variance Components Percent of Variation 
Between Regions 1 108.71 1.11 5.81* 
Among Locations Within Regions 12 329.93 0.93 4.87* 
Among Individuals Within Locations 87 2397.19 17.11 89.3* 
B. Coast versus Interior 
Source of Variation d.f. Sum of Squares Variance Components Percent of Variation 
Between Regions 1 39.18 0.04 0.22 
Among Locations Within Regions 12 399.46 1.48 7.96* 


















CHAPTER 3:  
A TALE OF TWO CONIFERS: GLACIAL REFUGIA AND LONG-DISTANCE 




“Time is the longest distance between two places.” 
 




In response to the environmental changes during periods of rapid climate 
change, populations must migrate to remain within their niche, tolerate the changes 
through adaptation, or go extinct (Aitken et al., 2008; Davis and Shaw, 2001). However, 
ongoing anthropogenic climate change has the potential to outpace both migration and 
adaptation, threatening the genetic diversity in rear-edge populations (Corlett and 
Westcott, 2013; Hampe and Petit, 2005; Jezkova and Wiens, 2016; Shaw and Etterson, 
2012). The current distributions of many plant species have been shaped by past 
periods of climate change, most notably as a consequence of the pronounced 
environmental changes of the Quaternary ice ages (Hewitt, 2000; Willner et al., 2009). 
Northern glacial refugia facilitated in situ persistence and seeded the rapid post-glacial 
colonization of newly suitable habitat for some species (Feurdean et al., 2013; Gavin et 
al., 2014; Snell and Cowling, 2015), while long-distance dispersal allowed other species 





studying how species have migrated in response to past climate change can yield 
insights into their long-term capacity for dispersal under anthropogenic warming and 
help provide more robust predictions of their future (Blois et al., 2013).  
In contrast with past periods of climate change, however, current range shifts 
must also contend with complex, human-modified landscapes, in which the risks of 
climate change are compounded by habitat loss and fragmentation due to widespread 
agricultural and urban development (García-Valdés et al., 2015; Travis, 2003). Fragmented 
landscapes reduce dispersal, isolating existing populations and hindering the invasion 
of newly favorable habitats (Collingham and Huntley, 2000), even for wind-dispersed 
plant species (Teller et al., 2015). Nevertheless, models of future species responses to 
climate change tend to neglect human land-use effects and assume homogenous 
landscapes (Opdam and Wascher, 2004; Titeux et al., 2016).  
Species with disjunct populations provide a naturally fragmented distribution that 
can act as an approximation for the effects of anthropogenic land-use in a study of past 
climate change impacts. A modern species disjunction is the result of either recent long-
distance dispersal during post-glacial expansion, or the long-term persistence of 
remnants from a bygone species range. The former underscores the ability of 
populations to disperse across complex landscapes in response to climate change, 
whereas the latter implies that small refugial populations may be critical for species 
perseverance under shifting climatic conditions. Past demographic events leave telltale 
genetic imprints on extant populations, allowing inference of the colonization sources 
and migration routes of intraspecific lineages (Baker et al., 2002; Hewitt, 2000; Taberlet 





between refugial persistence and recent dispersal. This distinction was, until recently, 
difficult due to a reliance on paleorecords with low capacity to detect small populations 
(Hu et al., 2009). 
The mesic temperate forests in the Pacific Northwest (PNW) of North America 
provide an ideal biogeographical model to explore the consequences of complex 
landscapes on Quaternary climate-induced migration. The ranges of the dominant 
conifer species in these forests are split by the arid rain-shadow of the Cascade Range 
into coastal and interior distributions. This disjunction has been extensively studied 
since the pioneering work of (Daubenmire, 1952), yet the post-glacial origin of the 
modern interior distribution remains a subject of debate (Roberts and Hamann, 2016). If 
the climatic conditions of the Last Glacial Maximum (~21 ka BP) extirpated populations 
in the interior, necessitating post-glacial dispersal across the rain shadow divide from 
coastal populations to form the modern interior range, we would anticipate low levels of 
genetic differentiation between the two distributions. Alternatively, if local persistence in 
the interior developed into a modern range independent of dispersal from the coast, we 
expect significant genetic divergence between the coastal and interior distributions due 
to genetic drift during their prolonged glacial isolation from one another. These 
alternative scenarios have significant implications for the post-glacial development of 
PNW conifer forests and whether fragmented habitat presented a surmountable barrier 
to the expansion of its species. Here we present phylogeographic insights from next-
generation sequencing studies of two widely-dispersed, mesic-adapted conifers with 





long-distance dispersal in creating the modern range, and therefore infer their ability to 
tolerate migration over complex landscapes. 
 
3.2 RESULTS AND DISCUSSION 
We gathered genome-wide marker data for two primarily outcrossing, wind-
dispersed, and late-successional mesic-adapted conifer species common to the disjunct 
forests of the PNW: mountain hemlock (Tsuga mertensiana; > 95% outcrossing, (Ally et 
al., 2000) and western redcedar (Thuja plicata; 71.5% outcrossing, (O’connell et al., 
2001). We used genotyping-by-sequencing (ddRADseq; (Andrews et al., 2016) to 
resolve SNP markers for 154 western redcedar individuals (22 populations) and 149 
mountain hemlock individuals (21 populations)(Supp. SMX9). A combination of 
Bayesian clustering analysis (Structure), principal component analysis (PCA), and 
approximate Bayesian computation modeling (DIYABC) allowed us to reconstruct the 
likely population history of these species. We additionally conducted a review of 
published paleorecords for the two study species in order to provide a broader context 
for our results.  
Our phylogeographic analyses suggest that mountain hemlock and western 
redcedar responded individualistically to the glacial climate, but that long-distance 
dispersal was the dominant post-glacial force shaping the current distribution of both 
species. Bayesian clustering (Fig. 3.1), PCA (Fig. 3.2), and DAPC (Supp. A.3) each 
support two distinct genetic clusters in mountain hemlock and four in western redcedar. 





southern Washington state, where there is little indication of admixture (Fig. 3.1a,b). 
Western redcedar is comprised of four lineages, with three smaller clusters in the 
regions of Idaho, California, and the Haida Gwaii islands bordering a larger central 
cluster extending across Washington and southern British Columbia, with evidence of 
substantial admixture (Figure 3.1c,d). 
The north/south genetic division of mountain hemlock in the interior distribution 
mirrors that of the coastal populations, and the lack of appreciable genetic divergence 
between the coast and interior (Fig. 3.1a,b; Fig. 3.2a) suggests that each of the two 
lineages (north/south) independently dispersed into the interior along separate migration 
routes. Indeed, an AMOVA indicated that more genetic variation exists between 
northern and southern lineages in hemlock than between the coast and interior 
distributions (Supp. A.2). Although there is some indication of partial segregation 
between coastal and interior sites along the second PCA axis (Fig. 3.2a), there is 
substantial overlap between a subset of coastal sites and the interior sites of each 
lineage (Fig. 3.1b; North: sites 10-12, South: sites 13-14). At K=4, DAPC supports the 
same grouping (Supp. A.3). Geographically, these coastal sites that cluster with the 
interior are adjacent to previously-hypothesized mesic migration corridors between the 
coastal and interior distributions (Gavin, 2009), potentially suggesting that these coastal 
locations were sources of hemlock migrants into the interior.  
Paleorecords and paleoclimate simulations suggest that the modern interior-
distribution mesic climate only emerged between 6.6 – 4 ka (Braconnot et al., 2007; 
Otto-Bliesner et al., 2006; Walker and Pellatt, 2003). Patterns of mountain hemlock 





and emergence in the interior only within the last 5,000 years (Supp. A.1), supporting 
genetic inferences of post-glacial inland dispersal. Likewise, the best of six hemlock 
ABC models (Fig. 3.3a; Supp. A.7) indicate a significantly older median age of division 
between the north and south lineages (98.8 ka, 95% CI = 77.2–134.8 ka; Supp. Table 
A.1) relative to the comparatively recent coastal/interior divisions within each lineage 
(North: 11 ka, 95% CI = 5.9–13.7 ka; South: 24.6 ka, 95% CI = 9.4–46 ka; Supp. Table 
A.2), with bottlenecks in both interior populations. The modeled age of the north-south 
divergence suggests that it is a consequence of divergence prior to the LGM followed 
by ice-age population isolation, whereas the more recent divergence between coastal 
and interior populations support post-glacial dispersal.  
Although a similar lack of genetic divergence between the coastal and interior 
distributions suggests that most of the western redcedar interior is also coastal in origin, 
in contrast with mountain hemlock there is evidence of a redcedar refugial lineage 
unique to the interior (Fig. 3.1c,d). As in hemlock, an AMOVA indicates that grouping 
sites by their genetic lineages accounts for more genetic variation than grouping by 
coast and interior distribution (Supp. A.2). However, more variation was accounted for 
between the two redcedar distributions than in the hemlock AMOVA, likely due to 
redcedar’s unique interior lineage. 
The PCA for redcedar indicates separation into three distinct groups (Fig. 3.2b), 
with further separation of the northernmost populations from the central cluster along 
the third principal component (Fig. 3.2c). Much like hemlock, the central redcedar 
lineage extends across coastal and interior populations and demonstrates partial 





and K=5 DAPC clusters show the same patterns of sampling site grouping as the PCA 
(Supp. A.3). Structure results corroborate these patterns of population structure at 
corresponding K values (Fig. 3.1c; Supp. A.6). Modern redcedar presence on the 
landscape suggests a much broader corridor for dispersal into the interior compared to 
mountain hemlock (Fig. 3.1d), which may have allowed for more gene flow and less 
genetic isolation between the distributions. This may explain the greater degree of 
genetic similarity between the coastal and interior populations of the central lineage 
compared to those of the hemlock lineages.  
Modeling the demographic history using DIYABC corroborates the inferred 
species history. Our best of six redcedar ABC models (Fig. 3.3b; Supp. A.8) estimates 
the oldest median age of divergence among lineages separating the California cluster 
from the three more northern clusters (139.2 ka, 95% CI = 91.8–189.6 ka; Supp. Table 
A.1). The three lineages composing the northern clade diverged from one another more 
recently and around the same time as one another during the last glaciation. Haida 
Gwaii is estimated to have diverged first (66.6 ka, 95% CI = 45.8–121.2 ka; Supp. Table 
A.1), followed closely by the Idaho and “Central” clusters (58.2 ka, 95% CI = 40.2–91.4 
ka; Supp. Table A.1). The interior populations of the “Central” cluster diverged from 
coastal populations comparatively late (23.4 ka, 95% CI = 8.4–40.6 ka; Supp. Table 
A.1) and experienced a bottleneck (Fig. 3.2). These relative age estimates suggest a 
north/south divergence during the last interglacial period, glacial isolation among the 






There are limited paleoecological resources available with which to infer past 
western redcedar presence, compared to mountain hemlock, due to the morphologically 
indistinct nature of the species pollen grains. Genetic inferences could therefore not be 
broadly corroborated using prior paleoecological studies. However, the discovery of a 
redcedar wood macrofossil dated to the LGM in the Vancouver, BC area (Hicock and 
Armstrong, 1981) suggests that western redcedar may have been present in regions of 
the northern coast currently inhabited by the central redcedar lineage. Additionally, 
another study inferred the rapid expansion of Cupressaceae pollen in the interior 
distribution after ca. 6.3 ka to be an indication of western redcedar establishment 
(Herring and Gavin, 2015). These studies, in combination with the similarity of the 
redcedar central lineage results to the patterns inferred for both mountain hemlock 
lineages, would suggest a history of coastal persistence and inland migration for the 
central genetic lineage.  
 Although a previous microsatellite study addressed the population structure of 
this species (O’Connell et al., 2008), our extensive geographic sampling, genome-wide 
SNPs, and modeled divergence and demographic processes identified an interior 
refugium and resolved divergence times for the major clusters. These indications of 
interior refugial persistence are also congruent with previous findings for amphibians 
(Carstens et al., 2005) and consistent with the glacial persistence of forest herbaceous 
species associated with redcedar understories (Brunsfeld et al., 2007). The presence of 
an interior western redcedar refugium suggests that habitats with mesic climate 
conditions must have persisted in Idaho during the last ice age, and by extension would 





Despite the presence of an interior refugium for western redcedar, coastal 
migrants played a predominant post-glacial role in populating the interior distribution of 
this species, suggesting rapid dispersal and establishment of the northern interior 
before the Idaho refugium could rebound from its ice-age confinement. The 
establishment of a mesic climate in the interior likely occurred thousands of years after 
that of equivalent coastal latitudes (Braconnot et al., 2007; Otto-Bliesner et al., 2006; 
Walker and Pellatt, 2003), providing coastal redcedar populations substantially more 
time to expand. There is a higher concentration of understory and endemic species in 
the southern portion of the modern interior distribution, which has been suggested to 
indicate southern-interior refugial persistence followed and slow, incomplete post-glacial 
dispersal northwards. It is unlikely that the Idaho refugium of redcedar overlapped with 
the current species distribution, as (Herring and Gavin, 2015) inferred tree-less 
periglacial conditions at the glacial maximum from a site near the southern edge of the 
current distribution. The refugium may have persisted further south and/or been 
confined within canyons harboring small mesic habitats, constraining post-glacial 
expansion northward (Brunsfeld and Sullivan, 2005; Brunsfeld et al., 2001, 2007). A 
slow start by interior redcedar populations would have provided coastal lineages an 
opportunity to establish ahead of them, forestalling further expansion of the Idaho 
refugium. Strong westerlies in the PNW post-glacial air mass circulation (Spooner et al., 
2003) would have been an important factor in the inland expansion of wind-dispersed 
conifers and, in combination with heavy propagule pressure from already-established 
coastal populations, may have precipitated prompt arrival as soon as the interior mesic 





expansion, could explain why the successful ice-age persistence of western redcedar in 
the heterogeneous terrain of central Idaho did not result in a post-glacial advantage 
repopulating the interior disjunction. 
Our study suggests that the fragmented landscapes of the Pacific Northwest did 
not present major limitations to the post-glacial dispersal and range expansion of these 
two important mesic conifers. On the contrary, dispersal was the dominant force 
repopulating the disjunct distribution in both species, regardless of refugial persistence 
in the interior. Whereas a significant time lag had previously been suggested between 
the development of the modern interior mesic climate and the expansion of its conifers 
(Mehringer Jr, 1985), this study, in combination with newer paleorecords (Herring and 
Gavin, 2015; Herring et al., 2017), suggests rapid establishment of the modern conifer 
forest via long-distance dispersal. Recent studies have emphasized the importance of 
cryptic northern refugia as source populations for post-glacial expansion (Feurdean et 
al., 2013), as they could help explain the rapid rates of post-glacial plant migration 
inferred from the paleorecord (Anderson et al., 2006; McLachlan et al., 2005). Although 
northern populations have undoubtedly had a significant impact for some species, our 
redcedar data suggest that the importance of dispersal cannot be downplayed even in 
the presence of local refugia. Although fossil data are less vulnerable to false positives 
(Gavin et al., 2014), our results underscore the importance of genetic methods to avoid 
overestimating the significance of any particular refugium in post-glacial expansion 
dynamics. Detecting an interior western redcedar refugium in the paleorecord would 
likely have misattributed interior expansion to that refugium – devaluing the role of long-





We can infer remarkable long-distance dispersal capacities for our study species, 
if the width of the modern dispersal barrier (approx. 200 km for hemlock, approx. 50 km 
for redcedar) is assumed to be representative of that of the early post-glacial period. 
The PNW rain shadow, and consequent mesic disjunction, developed with the uplift of 
the coastal mountains 5-2 Ma (Graham, 1999). Given these long-term geological 
processes, the current width of the dispersal barrier is likely similar to that of the late 
Pleistocene. Previous studies have shown that the vast majority of conifer seeds fall 
near the parent tree, within several hundred meters for mountain hemlock (Ally and 
Ritland, 2006; Johnson et al., 2017) and approximately one hundred meters for western 
redcedar (Hetherington, 1965; McCaughey et al., 1986; Minore, 1990). It is difficult to 
collect direct experimental evidence of long-distance dispersal due to its rare and 
stochastic nature (Nathan et al., 2008), although comparable events have been inferred 
in conifers (Lesser and Jackson, 2013). It is possible that migration corridors (Gavin, 
2009) could have shortened the minimum required dispersal distances, and fine-scale 
models of post-glacial mesic habitats may help identify potential stopover sites and 
accurately gauge their influence on dispersal. 
Substantial evidence exists that portions of coastal British Columbia were ice-
free during the last glaciation and served as a refugium for numerous species (Shafer et 
al., 2010). Although there is no paleoecological data supporting the persistence of trees 
on the islands of Haida Gwaii, habitat modeling has suggested a suitable glacial climate 
for both study species (Roberts and Hamann, 2016). Our results imply a potential Haida 
Gwaii refugium for western redcedar, and that the population succeeded in expanding 





northbound from the “Central” refugial lineage. Unlike the interior disjunction, however, 
a western redcedar refugium in Haida Gwaii would not necessarily imply long-distance 
dispersal. Low ice-age ocean levels exposed the Hecate Strait during the Pleistocene, 
providing contiguous habitable terrain connecting Haida Gwaii with the mainland 
(Shafer et al., 2010) that could have supported redcedar dispersal during deglaciation. 
Haida Gwaii migrants would therefore not have faced comparable dispersal challenges 
as migrants into the interior distribution.  
Although our data suggest that western redcedar and mountain hemlock adeptly 
navigated complex landscapes in the past, anthropogenic climate change may still 
threaten populations of these species. Better dispersers are expected to be more 
capable of keeping pace with shifting climates (Schloss et al., 2012), and long-distance 
dispersal is thought to facilitate migration through fragmented landscapes (Pearson and 
Dawson, 2005), which would bode well for the study species. The broad-scale 
environmental tolerances of habitat generalists may have been an advantage within 
tenuous northern glacial refugia (Bhagwat and Willis, 2008), which could help explain 
the interior glacial persistence of western redcedar and lack thereof for the subalpine, 
but more specialized, mountain hemlock. Perhaps for similar reasons, model projections 
of future climate regimes predict relative stability for redcedar, but expect high 
vulnerability and precipitous decline for hemlock due to the anticipated loss of their 
subalpine habitat (Hansen and Phillips, 2015; Mathys et al., 2017). In other words, even 
incredible dispersal capabilities become irrelevant when no suitable habitat remains 







Samples were collected from 21 populations of mountain hemlock and 22 
populations of western redcedar (Supp. Table A.2). At each sampling site, foliage from 
each of 6-10 trees was collected (pairwise distance between individuals >100 m), 
preserved in silica desiccant, and stored at 4°C at the University of Illinois at Urbana-
Champaign. DNA was extracted from 20 mg of unblemished foliage using a modified 
CTAB procedure (O’connell and Ritland, 2004) for hemlock and the Qiagen DNeasy 
Plant Mini Kit for redcedar. Floragenex Inc. (Eugene, Oregon USA) prepared ddRADseq 
libraries (Peterson et al., 2012) using PstI/MseI enzymes and sequenced twelve lanes 
of single-end Illumina HiSeq 2000/2500, for a total of 728.1 million reads (filtered to 
655.9 million) for 149 mountain hemlock samples and 846.9 million reads (filtered to 
678.2 million) for 154 western redcedar samples. We processed raw sequencing reads 
using the program Stacks (v1.35) and identified 30,007 variable hemlock loci and 
40,701 variable redcedar loci present in at least two populations. Stacks demultiplexed 
the reads, filtered for quality and barcode/RADtag presence, and categorized the data 
into the most statistically probable SNPs and genotypes (Catchen et al., 2013, 2011).  
To decipher genetic population structure, we used the Bayesian clustering 
program Structure (v2.3.4; (Pritchard et al., 2000) with the StrAuto utility program (v0.3; 
(Chhatre, 2012). We used the Stacks sub-program Populations to output a Structure-
formatted dataset of putatively unlinked SNPs by selecting a single SNP from each 
locus. For a hemlock locus to be included in this analysis, we required it to be present in 
at least 7 of 21 sampling sites and in ≥75% of the individuals at each of those sites, 





and ≥75% of the individuals, resulting in 872 loci. We ran Structure using the admixture 
model, with correlated allele frequencies and no prior population information. The 
analysis consisted of 20,000 burn-in steps and 100,000 replicates of 1-5 genotypic 
groups (K), each of which was run 10 times. The output was compiled using Structure 
Harvester (Earl, 2012) and optimal K evaluated based on LnP(K) and ∆K (Evanno et al., 
2005) and visual inspection of each K for indications of geographically correlated 
clustering (Supp. A.4, A.6). To evaluate indications of additional population structure in 
our western redcedar Structure run, we conducted an additional Structure run of only 
the northern cluster. The hierarchical run required presence in 15 of 17 northern 
sampling sites and ≥75% of the individuals, resulting in 1661 loci for analysis. 
We additionally visualized the population structure of our genetic data using 
principal component analysis (PCA; (Jombart et al., 2009) and discriminant analysis of 
principal components (DAPC; (Jombart et al., 2010). These methods do not rely on the 
assumptions underlying Structure (e.g., Hardy-Weinberg equilibrium and linkage 
disequilibrium(Jombart et al., 2010) and provide an alternative evaluation of population 
structure. These analyses were run using the adegenet (v2.0.1; Jombart and Ahmed, 
2011) package in R (v3.2.0; (Team, 2016). We ran a PCA to infer axes of genetic 
variation in our data and visualized them based on our Structure results and patterns of 
geographically-correlated clustering. We used DAPC to infer the number of population 
clusters (K) by partitioning genetic variance ‘between-group’ and ‘within-group’ and 
identifying the configuration that maximizes discrimination between the two (Jombart et 
al., 2010). To run these two analyses (PCA, DAPC) we utilized a high-quality dataset of 





redcedar loci (at least 75% of a population and 21 of 22 populations), with a single SNP 
per locus. Any missing data was imputed with the most common genotype at that site.  
We conducted an analysis of molecular variance (AMOVA; (Excoffier et al., 
1992) to estimate the molecular variance among our sampling sites and evaluate 
competing demographic scenarios (e.g., ancient vicariance and recent colonization). 
Because this analysis is sensitive to missing data, we generated a reduced dataset 
containing only 14 populations in hemlock and 17 populations in redcedar (interior sites 
and coastal sites at comparable latitudes) using the Stacks subprogram Populations to 
maximize the number of loci common to all populations. For a locus to be included in 
this dataset, we required it to be present in all sampling sites and in ≥50% of the 
individuals at each site, producing 292 hemlock loci and 12,019 redcedar loci, with a 
single SNP per locus. We ran the AMOVA in Arlequin (v3.5; (Excoffier and Lischer, 
2010) with 10,100 permutations to examine the distribution of genome-wide genetic 
variation between groups (FCT), among populations within groups (FSC), and among 
populations (FST).  
We used the approximate Bayesian modeling program DIYABC (v2.0; (Cornuet 
et al., 2014) to evaluate potential demographic scenarios and estimate divergence times 
between the genetic clusters in our study species. Genetic clusters spanning both the 
coastal and interior ranges were divided into separate groups to infer evidence of post-
glacial dispersal. We utilized high-quality datasets of 209 hemlock loci (≥65% of a 
group, 4 of 4 groups) and 183 redcedar loci (≥90% of a group, 5 of 5 groups), with a 
single SNP per locus. Due to the complex interactions of the four western redcedar 





≥85% assignment to a single Structure cluster were included in this analysis (98 
individuals from 17 sites).  
In order to incorporate the phylogeny of the western redcedar genetic clusters 
inferred by Structure, PCA, and DAPC, we generated a phylogenetic tree with which to 
inform our DIYABC model. We used the Stacks sub-program Populations to output a 
genepop-formatted dataset with sites grouped according to the majority genetic clusters 
assigned. The dataset was a single SNP from each locus and required presence in 4 of 
4 redcedar groups and ≥80% of individuals per group, resulting in 4,120 loci. We used 
the program TreeFit (Kalinowski, 2009) to assemble a population tree based on the 
pairwise genetic distances (Weir and Cockerham, 1984) between populations using a 
neighbor-joining method (Supp. A.5b). Our tree explained a large proportion of variation 
in our distance calculations (R2 = 1.0), indicating that it adequately represents the 
relationships between western redcedar populations (Kalinowski, 2009). Support for the 
tree was evaluated based on 1,000 bootstrap permutations, all which reproduced the 
same tree. The tree provided an a priori assumption from which to base our modeling of 
demographic scenarios and divergence times in DIYABC. Based on the more prominent 
north-versus-south division between California and the other lineages in our K=2 
Structure results (Fig. 3.1c), we chose to root the tree with the California lineage for our 
demographic modeling in DIYABC (Supp. A.5d). 
Six demographic scenarios for population expansion and contraction were tested 
for each species with broad parameter settings. The preferred scenario was then re-
analyzed with parameter settings constrained to 95% of data values inferred by the 





simulated and their summary statistics compared to those observed to evaluate their 
likelihood. We selected scenarios based upon the program’s logistic regression and 
‘direct approach’ methods of comparison, as well as the goodness-of-fit model checking 
function (Cornuet et al., 2014). The median posterior distribution estimates of 
divergence times were used to annotate the phylogenetic tree (Supp. Table A.1). 
Although western redcedar trees are able to begin producing seeds in as little as 10 
years of age under well-lit conditions (Edwards and Leadem, 1988; Minore, 1990), 
production normally begins at around 20-30 years of age (Turner, 1985). Mountain 
hemlock trees mature in a similar manner, generally beginning to bear seeds at around 
20 years of age (Means, 1990). Because divergence times are calculated in terms of 
generations, we assumed a conservative 20-year generation time to estimate 
approximate divergence date for both species.  
Pollen-based vegetation reconstructions from the PNW provide spatial and 
temporal context for interpreting phylogeographic data. We conducted a review of 
published paleorecords that include mountain hemlock pollen to trace its patterns of 
glacial persistence and post-glacial migration based upon the presence/absence of 
hemlock pollen through time. Mountain hemlock pollen can be readily identified at the 
species level (Gavin et al., 2001) and as a consequence is a common component of 
Pacific Northwest sediment core pollen descriptions. We obtained published pollen 
records from the Neotoma Paleoecology Database (http://www.neotomadb.org/), as well 
as additional paleorecords where available. Mountain hemlock is well known for its 
tendency to leave weak pollen evidence in the fossil record, even on occasions where it 





Rosenberg et al., 2003). We therefore considered hemlock to be locally established 
when its pollen percentage reached at least 1% of the counted total, indicating its 
presence within 140 km (Herring et al., 2017). Records were then classified into five 
time slices (>20 kyr, >15 kyr, >10 kyr, >5 kyr, and >0 kyr) according to the basal age of 
the record and the age at which mountain hemlock first reached the 1% pollen 
threshold. The timeframe of mountain hemlock pollen presence was based upon the 
author’s evaluation of the paleorecord’s reliable age range. To account for chronological 
uncertainty, we included a record in an age category if pollen evidence of mountain 
hemlock occurred within 200 years of the time specified (e.g., the ‘>20 kyr’ age class 
includes records 19,800 years and older). Because many pollen records have >1% 
hemlock pollen at the oldest (i.e., basal) sample, this survey may not necessarily 
capture the earliest arrival of the species at all sites and should thus be interpreted as 

















Figure 3.1 Genetic structure indicative of glacial refugia. (A) Structure results of 21 
mountain hemlock populations (K=2: orange = north cluster; teal = south cluster). (B) 
Spatial patterns of hemlock Structure results. (C) Hierarchical Structure results of 22 
western redcedar populations with full dataset (K=2; yellow = south cluster, blue = north 
cluster) and without the southern cluster populations (K=3; black = Idaho cluster, blue = 
Central cluster, pink = Haida Gwaii cluster). (D) Spatial patterns of redcedar Structure 










Figure 3.2 Genetic differentiation of inferred refugial groups. PCA results for mountain 
hemlock (A) and western redcedar (B,C). Data points are colored according to their 
Structure genetic cluster association. (A) Mountain hemlock principal component 
analysis (K=2; teal/blue = south cluster, orange/red = north cluster). The coastal and 
interior distributions of each lineage is indicated with the lighter and darker colors, 
respectively. (B) The first and second axes of the western redcedar principal component 
analysis (K=4; yellow = California cluster, black = Idaho cluster, teal/blue = Central 
cluster, orange = Haida Gwaii cluster). The coastal and interior distributions of the 
Central cluster are indicated with the lighter and darker colors, respectively. (C) The first 
and third axes of the western redcedar principal component analysis, with the same 











Figure 3.3 Inferred phylogenetic tree structure and divergence dates. The divergence 
dates presented are median rounded values. (3a) Best mountain hemlock DIYABC 
model (NC = coastal north cluster, NI = interior north cluster, SC = coastal south cluster, 
SI = interior south cluster, “c” = reduced population size). (3b) Best western redcedar 
DIYABC model (ID = Idaho cluster, CC = coastal Central cluster, CI = interior Central 























CHAPTER 4:  
BLOWING IN THE WIND: ABSENCE OF DISPERSAL ADAPTATION IN RESPONSE 
TO POST-GLACIAL MIGRATION 
 
 
“Life is a series of natural and spontaneous changes. Don’t resist them; that only 







 Anthropogenic climate change is shifting the abundances (Thomas et al., 2004) 
and geographic distributions (Parmesan and Yohe, 2003) of organisms, yet we have an 
incomplete understanding of the ecological and evolutionary processes that determine 
the final state of these range shifts. Studies often anticipate that species will “migrate, 
adapt, or die” as a consequence of new climate conditions, implying that survival 
depends upon a species’ ability to remain within its shifting niche or acclimate to the 
changing environment. In this context, however, “adapt” is often used to describe 
phenotypic plasticity, as opposed to the stricter definition of phenotypic change 
mediated through genetic changes through time (reviewed in Franks et al., 2014). 
Despite a wealth of literature demonstrating how quickly species can adapt (via genetic 
change), even in the face of significant gene flow (e.g., Franks et al., 2007; Macnair, 
1989; 1997), it has commonly been assumed that climate shifts occur too abruptly for 





 For example, the northward expansion of many tree species across North 
America and Europe at the end of the last glaciation has been estimated to have 
progressed at rates upwards of 1 km/yr (Pearson, 2006), a rapid expansion that is at 
odds with models based on modern plant dispersal capabilities (Clark et al., 1998). 
Long-distance dispersal and pre-dispersed cryptic refugia have been cited as potential 
explanations for these conflicting estimates (Gavin et al., 2014), but studies rarely 
consider the role that adaptation may have played as species respond to climate (Davis 
and Shaw, 2001). Migrating species may encounter strong selective pressure favoring 
traits that increase dispersal capabilities. The resulting adaptation could, in-part, help 
explain the rapid post-glacial migration rates inferred for many plants. A combined 
genomic and phenotypic approach is ideal for investigating such a possibility, since any 
variable patterns of selection produced by post-glacial migrations will have left 
detectable signals lingering in modern populations (de Villemereuil et al., 2016). 
 An influential study by Cwynar & MacDonald (1987) argued that populations of 
North American lodgepole pine have progressively lighter seeds and larger wing sizes 
along a gradient that corresponds with their post-glacial expansion, suggesting an 
improvement of dispersal ability with increasing migration distance from their refugium 
origin. As sessile organisms, individual trees cannot migrate in response to climate 
change, but a species can expand the edge of its distribution over multiple generations 
via seed dispersal (Carter and Prince, 1981; Mack, 1985). Cwynar & MacDonald (1987) 
argued that lodgepole genotypes that were able to disperse further and establish in 
advance of slower genotypes caused “spatial selection” to act upon dispersal and 





and therefore better positioned to seed the continued advance (Fisher, 1937; Phillips et 
al., 2010, 2010; Skellam, 1951; Suarez and Tsutsui, 2008). Furthermore, initially-low 
population densities in newly colonized areas would mean that genotypes able to 
colonize first should quickly outcompete slower-arriving genotypes (Wilson and 
MacArthur, 1967). This process of concentrating migration-adaptive alleles at the 
vanguard would progressively increase the rate of migration as populations migrated 
away from their ice-age refugium (Figure 4.1).  
 Numerous studies since Cwynar & MacDonald (1987) have inferred adaptation 
in modern migrations, and species could be expected to respond similarly to ongoing 
and future anthropogenic climate change. Evidence supports the progressive evolution 
of dispersal traits, such as leg length, during the expansion of invasive cane toads 
across Australia (Kearney et al., 2008; Phillips et al., 2006, 2010), and similar patterns 
of rapid adaptation in plant height and wind-dispersed seed traits have been inferred in 
several plant species (e.g., Huang et al., 2015; Monty and Mahy, 2010; Williams et al., 
2016). Such responses may have been common among tree species during past 
climatic shifts, but the limited availability of species histories make it difficult to link 
modern dispersal trait variation with past demographic processes. Whereas studies with 
modern experimental or invasive populations benefit from a known demographic history, 
Cwynar & MacDonald (1987) lacked a phylogeographic history for lodgepole pine and 
primarily relied upon paleorecord data to infer patterns of migration.  
 Recent advances in genomic and analytical techniques have improved our 
ability to infer the post-glacial origins and expansion of individual refugial lineages within 





along past migration routes (e.g., Gugger et al., 2016; Sork, 2016; Sork and Smouse, 
2006). This can provide previously lacking, but crucial, demographic context for the 
inference of past patterns of selection. For example, the results of a mitochondrial study 
suggested upwards of three separate glacial refugia for lodgepole pine (Godbout et al., 
2008), a distinction that the Cwynar & MacDonald (1987) lodgepole trait study was not 
able to make at the time. Given the ever-increasing availability of phylogeographic 
resources for tree species, the concept of post-glacial adaptation with migration is worth 
revisiting. 
 The seeds of many wind-dispersed plant species are winged (Figure 4.2, photo 
inset), and changes to either the size of the wing or the weight of the seed can alter 
their dispersal capacity (Matlack, 1987). “Wing-loading” is defined as the mass of the 
seed divided by its surface area (Green, 1980; Guries and Nordheim, 1984). Seeds with 
smaller wing-loading are more readily suspended in the air, providing more dispersal  
opportunities by taking longer to fall to the ground and allowing winds to carry them 
farther distances (see Augspurger et al., 2016; Schenk, 2013). Species that have 
migrated in response to past periods of climate change could be expected to 
demonstrate decreasing wing-loading with increasing migration-distance in their modern 
populations as a result of selection acting upon dispersal capacity.  
 Glacial cycles have had a major impact on the modern geographical 
distribution of North American plant species, many of which have contracted southward 
and expanded northward repeatedly with the shifting glacial and interglacial climates 
(Brunsfeld et al., 2001). In the Pacific Northwest (PNW), we previously uncovered 





plicata) indicating the presence of four distinct ice-age refugial lineages (see chapter 3). 
The complex post-glacial recolonization of this system provides an excellent opportunity 
to test migration-related adaptation due to the multiple expansions over varying 
distances. The distribution is divided into three refugia inferred to be of coastal origin as 
well as one refugium in an interior disjunct distribution (Figure 4.2).  
 With the availability of both phenotypic data and a nearly complete 
phylogeographic species history since the most recent glaciation, here we explore 
evidence for adaptation with migration in western redcedar. To address the genetic 
component of phenotypic trait variation, it is ideal to measure individuals planted 
together in a common garden in order to equilibrate any phenotypic plasticity that 
dissimilar environments might otherwise induce (Falconer and Mackay, 1996; de 
Villemereuil et al., 2016). We were able to procure seed and leaf samples from a 
western redcedar common garden begun in 1997 at the Cowichan Lake Research 
Center in Mesachie Lake, British Columbia. The garden contained seeds for six coastal 
populations for which we had previously collected genome-wide data, representing 
three of four western redcedar refugial lineages. As a proxy for dispersal-capacity 
selection, we measured variation in the seed weight, width, length, area, and wing 
loading from six populations of trees across the western redcedar range and used 
analyses to ask whether any of that variation varied more than could be expected as a 
consequence of neutral factors and could therefore instead be attributed to selective 







For this study, we collected 2,207 seeds in the summer of 2014 from the 
Cowichan Lake Research Center common garden in Mesachie Lake, BC, which began 
planting western redcedar study plots in 1997 (Supp. Table B.2). The original wild 
samples were harvested from wild stands via helicopter. The earliest planted trees, 
upon reaching maturity, were bred with a 20-male pollen polymix. The resulting seeds 
were harvested and stored at -20º C. We collected seeds from 75 available individuals, 
representing 6 populations from the species coastal distribution, for phenotypic analysis. 
Because a subset of the leaf tissue samples for our phylogeographic study (see chapter 
3) were collected from these same common garden plantings, 38 of the 75 individuals 
(1,113 seeds) have corresponding genetic data available. We measured the seed 
weight, width, length, area, and wing-loading of 5-30 seeds (M = 29.3) from 6-16 
individuals (M = 11) per population, based on availability. Each seed was weighed using 
a Mettler Toledo XP26 DeltaRange scale, then digitally photographed using a Leica 
imaging microscope. Seed length, width, and area were measured from the seed 
photographs using the Digimizer v4.6.1 image analysis software. All measurements 
were conducted with the sample under a microscope slide and considered both the 
seed and the seed wing together as a single unit. Length and width were defined by the 
two most distant seed-wing points parallel and perpendicular to the central seed axis. 
Seed area was defined by the surface visible after slight compression between two 
microscope slides. Wing-loading was calculated as seed mass divided by surface area. 
A larger wing-loading indicates a heavier seed for the given wing surface area, whereas 





We used the Stacks sub-program Populations to refine a subset of our genetic 
data (see chapter 3) into a dataset consisting of a single SNP per locus and limited to 
the 38 common-garden parent trees for which we have both genetic and phenotypic 
data. For a redcedar locus to be included in this dataset we required it to be present in 
all six sampling sites and ≥75% of the individuals at each of those sites, resulting in 
1,843 loci. The sub-program was additionally used to calculate FST and summary 
statistic values for our populations. We performed a principal component analysis (PCA) 
with our SNP dataset to confirm our previous patterns of population structure (see 
chapter 3) using the ‘R’ program ‘ggfortify’. We additionally performed a PCA on our trait 
measurements in order to visualize any population differentiation and to compare with 
the population structure visible in our SNP PCA. We further supplemented our trait 
analyses with an analysis of variance (ANOVA) to examine the significance of 
phenotypic variation between populations. Seed trait measurements were correlated 
with three proxy measurements for migration distance (latitude, population distance, 
and nucleotide diversity; Supp. Table B.1) using the R-package stats (v3.4.3). The 
“population distance” proxy measurement was based upon the distance of each sample 
population within a lineage from the population closest to that lineages suspected 
refugial origins (see chapter 3).  
We employed a univariate approach with QST/PST versus FST analysis to measure 
neutral genetic variance among populations (FST) against quantitative genetic variance 
among populations (QST/PST). QST/PST is a measure of trait differentiation based on the 
observation that demographic processes broadly affect the entire genome whereas 





expected to correlate with that of neutral markers in response to demographic factors, 
but deviate should selection additionally act upon that trait (Leinonen et al., 2008; 
Whitlock, 2008). QST represents the among-population additive genetic variance of a 
trait, and is calculated using a breeding design to accurately quantify the proportion of 
its components of variance (Brommer, 2011). Here we instead utilize PST, an alternative 
to QST that is solely based upon phenotypic data. PST is intended for wild-grown 
samples that do not have a breeding design, and consequently has difficulty 
distinguishing the degree of phenotypic variance resulting from environmental effects 
versus that from genetic effects. Due to the serendipitous nature of our seed data, a 
breeding design is not available for our study. However, since our samples were grown 
in a common-garden there should be adequate control of any confounding 
environmental effects, producing a PST value that is effectively comparable to QST (de 
Villemereuil et al., 2016). Any among-population phenotypic variation should be largely 
due to genetic differences as a result. Therefore, if PST = FST then the measured trait 
differentiation is inferred to be the result of neutral drift between populations. A PST > 
FST value is interpreted to suggest divergent selection, whereas a PST < FST value as 
stabilizing selection (Leinonen et al., 2008; McKay and Latta, 2002; Merilä and 
Crnokrak, 2001). We utilized the ‘R’ program ‘PStat’ to calculate PST and its confidence 
intervals for our data. We analyzed the reduced dataset of the 1,113 seeds with 
genomic data, using 5,000 bootstrap resamples to calculate the 95% confidence 
interval.  
However, loci governing the expression of a given trait do not always contribute 





2008). Therefore, random genetic drift can unduly influence PST such that it does not 
always necessarily equal FST under neutral conditions (Karhunen et al., 2014). In fact, a 
model by Miller et al. (2008) found that PST tended to be larger than FST in scenarios 
simulating the neutral drift of recently diverged populations. We therefore applied two 
recently-developed statistical approaches to our dataset, MCMCglmm and Driftsel, to 
provide alternate methods of inference whether patterns of phenotypic variation were 
better explained by selection or drift.  
First we used the R package MCMCglmm (Hadfield and Nakagawa, 2010) to fit a 
phylogenetic GLMM (generalized linear mixed model) using a Markov chain Monte 
Carlo approach (Hadfield, 2010). This approach allowed us to estimate the degree to 
which variation in wing-loading was predicted by genome-wide relatedness 
(phylogenetic variation) versus proxies for post-glacial migration. The former would 
support variation in wing-loading resulting from neutral population structure, while the 
latter would suggest that particular adaptive loci determine trait variation beyond neutral 
population structure. We assembled a phylogenetic tree with which to inform our 
MCMCglmm analysis using the program TreeFit (Kalinowski, 2009), based on the 
genetic distances between the six study populations (Weir and Cockerham, 1984). We 
constructed the tree using an UPGMA building algorithm (Supp. B.1b) because 
MCMCglmm requires an ultrametric tree for analysis. We evaluated support for the 
tree’s interior branches with 1,000 bootstrap permutations and found high support for 
the assembled tree (Supp. B.1d). Using this tree in MCMCglmm we ran a phylogenetic 
mixed model using the weakly-informative default fixed prior and inverse-Gamma 





of 1,000. Our trace plots indicate that our models converged (Supp. B.2) and 
autocorrelation estimates were all <0.1 (Hadfield, 2010). 
The tendency for PST to be overestimated under neutral conditions was the 
motivation behind the development of the second modeling analysis we employed, the 
Driftsel program (Karhunen et al., 2013, 2014). Driftsel attempts to overcome some of 
the problems inherent to PST - FST analyses by modeling the phenotypic evolution of 
traits among the sampled populations. Instead of comparing average estimates of 
genetic and phenotypic variation, the program applies an admixture F-model (Karhunen 
and Ovaskainen, 2012) to infer an ancestral state for the sampled populations and the 
degree of neutral trait differentiation that could be expected from that state. Driftsel then 
calculates the likelihood of the observed phenotypic differentiation between the sampled 
populations given that model (Karhunen and Ovaskainen, 2012). 
We utilized the ‘R’ package RAFM with our neutral SNP data to run a MCMC 
analysis with a total sample size of 9,000 iterations, leaving out the first 3,000 iterations, 
and then retaining every other iteration (Karhunen and Ovaskainen, 2012) to generate a 
coancestry matrix (Karhunen et al., 2014). We then estimated the covariance of the 
coancestry matrix with our trait data using the Driftsel trait analysis MCMC with a total 
sample size of 300,000 iterations, leaving out the first 30,000, and then retaining every 
50th iteration. Using the calculated values we ran sub-functions to interpret and visualize 
our results. The probability of our observed trait variation was calculated based on its 
deviation from the modeled neutral state. This probability is presented as the selection 
statistic ‘S’, in which S = 0.5 is indicative of neutral variation, S > 0.5 of divergent 





analysis, S > 0.8 and S < 0.2 are generally considered strong indications for selection 
(Ovaskainen et al., 2011). 
 
4.3 RESULTS 
 Patterns of trait variation alone suggest increasing dispersal ability with 
migration. A trait ANOVA indicates significant variation among populations in area and 
wing-loading (Table 4.1; p < 0.001) but not weight (Table 4.1; p = 0.73), with significant 
differences among populations in both the length (p < 0.001) and width (p < 0.05) 
components of area. Both seed area and wing-loading show a moderate correlation with 
latitude, with an increasing surface area (Figure 4.3; r = 0.41, p < 0.001) mirrored by a 
decreasing wing-loading value (Figure 4.3; r = -0.51, p < 0.001). Weight measurements, 
by contrast, show no clear pattern with latitude (Figure 4.3; r = -0.12, p > 0.05). Similar  
patterns are observed in population distance and nucleotide diversity correlations to 
area, weight, and wing-loading (Supp. B.3). A PCA of our trait measurements reveals a 
weakly-comparable pattern (Figure 4.4B), with populations generally organized in 
multivariate trait-space along a gradient from more southern (upper left) to more 
northern (lower right) populations. This differentiation is primarily due to a combination 
of decreasing seed wing-loading and increasing seed area measurements, with little 
geographic variation in seed weight. A PCA of our molecular data (Figure 4.4A), based 
on the subset of trees for which we have both sequencing and common-garden 






 We found PST values for all five traits to be significantly greater than the mean 
FST (0.038) among populations (Figure 4.5, p < 0.05). Among the traits, length, area,  
and wing-loading have the highest estimated PST values. These results demonstrate a 
greater degree of trait differentiation than expected based on the neutral FST 
background, suggesting that all five measured traits have undergone divergent 
selection. Our results are robust across a range of heritability estimates (Figure 4.6); 
The 95% PST confidence intervals for each trait show little overlap with mean FST across 
all heritability ratios, although again most strongly for length, area, and wing-loading. 
Our PST results suggest that these trait variations are more divergent than would be 
expected given our FST measure for neutral demographic effects. 
 Next, we leveraged our extensive western redcedar genomic dataset to expand 
upon our PST - FST analysis using MCMCglmm and Driftsel analysis packages. Although 
we found significant genetic variation in wing-loading with our PST - FST analysis, our 
MCMCglmm analysis instead found the 95% credible intervals of our phylogeny 
posterior distributions to be well above zero (Table. 4.2), indicating it bore a significant 
effect. We found no relationship between our wing-loading measurements and migration 
cofactors in our phylogenetic GLMM, as none of the fixed effects (latitude, population 
distance, and nucleotide diversity) had posterior distributions with a credible interval 
significantly different from zero. All three effects demonstrated a narrow credible interval 
around zero with a pMCMC value substantially greater than 0.05 (Table. 4.2), indicating 
that our modeled proxies for migration could not explain a significant proportion of 





 Our results with Driftsel similarly found no evidence of phenotypic variation 
beyond the modeled expectations of neutral demographic factors. The pattern of 
expected genetic drift distances between populations (Figure 4.7) mirrors that of our 
genetic PCA (Figure 4.6a), with lower drift distances within refugial lineages relative to 
those between them. The central refugial lineage (Figure 4.7, populations 3,4,5) was 
inferred to have drifted the least from the species ancestral state (Figure 4.7, ‘A’). The 
expected trait variations for all populations and all trait pairs (Figure 4.8) show less than 
50% confidence that they exhibit directional selection (Figure 4.8, ovals), contrasting 
with our PST results and indicating that the patterns of phenotypic variation are a 
consequence of either stabilizing selection or neutral drift. The Driftsel ‘S’ statistic, a 
conservative measure for the likelihood that divergent selection would produce the 
observed patterns of data, indicate that our traits range from S = 0.48 – 0.53. Therefore, 
Driftsel does not support evidence of stabilizing (S < 0.2) or divergent (S > 0.8) 
selection, and we are unable to reject the null hypothesis that our observed patterns of 
phenotypic variation are a consequence of neutral demographic factors.  
 
4.4 DISCUSSION 
 It is only with recent advances in genomic and analytical techniques that we 
are able to infer a species history with which to evaluate patterns of trait variation in 
non-model conifers. This demographic context allows us to revisit the possibility of 
selection during migration in response to past climate shifts. Although our PST - FST 
results indicate evidence for greater phenotypic variation between populations (PST) 





Driftsel results suggest that the trait variation can instead be attributed to neutral 
demographic factors. Our results, therefore, do not strongly support evidence for 
adaptation with migration in western redcedar. Below we discuss our results and their 
broader implications. 
 
Conflicting results when inferring selection with migration 
 The conflicting inferences between our PST - FST and modeling approaches 
may be a consequence of the evolutionary variance discrepancies between PST and FST 
(see methods). Our calculation of PST may be overestimated compared to FST, giving a 
false assessment of selection. Additionally, differences in sampling size between the 
trait measurements and genetic markers used to calculate PST and FST could have had 
an impact. While both PST and FST were calculated with the same 38 sampled 
individuals (4-7 individuals per population), FST was calculated using 1,843 loci across 
all individuals whereas PST only had a single mean value of each trait per individual. 
Small samples sizes have been found to overestimate genetic differentiation unless 
there are sufficient loci (> 1000) with which to estimate FST (Willing et al., 2012). Our FST 
calculation has over 1,000 loci but, with only 38 values per trait, our PST equivalent may 
have suffered overestimation due to its small sample size, resulting in the substantial 
difference with FST.  
 To overcome some of the problems inherent to PST - FST analyses and 
capitalize on the extensive species history available for our study species, we analyzed 
our data using the Driftsel and MCMCglmm modeling programs. Both programs attempt 





an ancestral state among the sampled populations and models the resulting expected 
neutral trait differentiation, MCMCglmm specifically tests whether our trait variation was 
correlated with migration, above and beyond the neutral population structure. In either 
case, we were unable to find significant evidence that any of the trait variance could not 
be explained by neutral factors. Had we not attempted to corroborate our PST - FST 
results with more sophisticated modeling approaches, developed for these specific 
kinds of questions and datasets, we likely would have incorrectly inferred a pattern of 
selection with migration.   
 
Species history and traits non-conducive to selection with migration 
 Despite the theoretical expectation and results from other systems suggesting 
that spatial selection favors better dispersal traits over the course of migration, our data 
do not appear to support this process in western redcedar. There are a number of 
possible explanations. It is possible that there was not sufficient time during the post-
glacial migration of redcedar for selection to have an appreciable effect. Western 
redcedar is a long-lived species, with trees recorded at ages upwards of 1,000 years old 
(Arno and Hammerly, 1977). Slow maturation, overlap with previous generations, and 
non-adaptive allele contamination from wind-born pollination may make the 
accumulation and concentration of adaptive alleles a slow process. Alternatively, there 
may have been an appreciable selective effect on dispersal ability during, and 
immediately after, the migrations, but any evidence may have since been overwhelmed 
by gene flow from the main body of the species range. Another possibility is that 





migrations, rather than rapid selection over the course of a single migration, 
accumulating adaptive alleles within the more migration-prone northern refugial 
lineages. Selection could have therefore been occurring over a longer time-scale than 
our analyses were focused on. Refugial sites were not necessarily consistent over each 
glacial cycle and therefore there may not have been a reliable selective pressure to 
detect in what are the current northern refugial lineages. However, we utilized latitude 
as a factor in our MCMCglmm model, which should have been able to detect a pattern 
of northern-specific selection, and were unable to find evidence of any significant 
association with the migration traits. 
 A simpler explanation for the lack of selection may be that the species is 
already well-adapted for long-distance dispersal. In chapter 3, we inferred rapid post-
glacial dispersal over a significant geographic and climatic barrier, indicating an 
effective capacity to migrate across long distances. A faster migration with larger 
average dispersal distances would provide fewer dispersal iterations for selection to act 
upon, or may indicate that western redcedar had already previously undergone heavy 
range-wide selection for the measured dispersal traits (e.g., during previous glacial 
cycles). Moreover, there may be constraints on further modification of seed traits to 
improve dispersal. For example, seed weight is a significant component determining 
dispersal capacity (relative to area) in wing-loading, but it also plays a critical role in 
seed survivorship and establishment success (Turnbull et al., 1999; Westoby et al., 
1996). Therefore, further improvement of dispersal capacity in seed weight may come at 
the cost of seedling recruitment. If western redcedar seeds were already well adapted to 





physiological limit where any further modification instead results in a reproductive 
disadvantage.   
 Our modern assessment of the concepts presented by Cwynar & MacDonald 
(1987) suggest that caution is warranted when evaluating the possibility of dispersal-
trait selection in conifers. Although our initial analyses strongly implied a significant trait 
gradient that could be attributed to the selective pressure of migration, we ultimately 
inferred those patterns to be an artifact of the species demographic history. Once the 
refugial lineages were considered, no indication of selection remained. However, the 
possibility of a false-negative result remains. The Cwynar & MacDonald (1987) 
lodgepole pine study had a substantially larger dataset encompassing a larger range 
and inferred migration extent. Sampling a broader distribution of western redcedar 
populations from within each lineage may have yielded more distinct signals of 
selection. Alternatively, if the traits measured in this study were under any evolutionary 
constraints, evaluating other dispersal-related traits, such as seedling survival rate or 
age to maturity, could have been a more beneficial comparison. The primary benefit of 
our study was access to substantial genetic resources and a detailed species history of 
western redcedar, which were unavailable for lodgepole pine in 1987. Our results have 
implications for other non-model tree selection studies, as the genetic resources 
available in this study are not common. Without access to the species history, and 
modern modeling approaches using genome-wide marker data, some trait variations 
across the range could be misconstrued as evidence for adaptation. 
 The lack of selection associated with migration, either as a consequence of 





indicate that western redcedar migration potential should not be expected to improve as 
anthropogenic climate change continues. This conclusion may be particularly relevant to 
long-lived species such as western redcedar; nevertheless, it places greater importance 
on the role that refugial persistence and existing long-distance dispersal capabilities 
must have had for the species in order to explain its resilience to past climate change. 
In terms of the “migrate, adapt, or die” response to climate change, our results highlight 
that the importance of adaptation via genetic change, versus plasticity, in climate 
change scenarios may depend heavily on the life history of the species. Therefore, a 
research focus on phenotypic plasticity may be justified for species such as western 
redcedar, which shows little to no indication of genetic change in response to post-
glacial climate migration. Indeed, we might even hypothesize that trees with longer 
generation times are well-predicted by species distribution models since they evolve so 
slowly, whereas rapidly-evolving species would be poorly-predicted since their current 
niche would not accurately represent their past and future niches. Future conservation 
efforts will therefore require methods of evaluating the impact persistence and dispersal 











Figure 4.1 Progressive spatial selection for dispersal traits at migration front. At each 
stage (A, B, C, D) the seeds from individuals with superior dispersal capabilities are 
more likely to populate the new frontier ahead of the slower main distribution (advancing 
left to right). Arriving in advance provides the forerunners with more opportunities to 
grow, expand, and disproportionately contribute more of their genes to the newly 
forming population. The individuals with superior dispersal capabilities in this new 
population will have a similar opportunity as the range continues to shift, again providing 
an advantage for those founding advanced populations. This progressive selection 
favoring greater dispersal traits would gradually increase the migration rate of the 
distributions leading edge, as more favorable traits accumulate in higher proportion 














Figure 4.2 Key features of the Pacific Northwest sampling region. The six collection 
sites the common-garden parents of our seeds originated from are labeled according 
to their refugial genetic lineage. The modern distribution of western redcedar is 
highlighted in gray and a black outline marks the maximum extent of the ice sheets. 






Figure 4.3 Latitudinal gradients of dispersal capacity. Three core seed traits (weight, 
area, wing-loading) graphed against the latitude of their parental wild origins. More 
northern populations show a gradual increase in seed surface area, whereas seed 
weight remains constant. This has the effect of reducing wing-loading over the same 









Figure 4.4 Principal component analysis of genetic and phenotypic data. SNP and 
phenotype principle component analyses, colored according to population origin. (A) 
Analysis of the genetic data for the six populations, demonstrating population structure 
for the same three coastal refugial lineages seen in the more comprehensive Ch. 5 
dataset. (B) Analysis of the phenotypic data for the six populations, demonstrating a 

















Figure 4.5 PST versus FST of mountain hemlock seeds. Comparison of PST estimates 
(with 95% confidence interval) against range-wide FST (red line, 0.062) of the six 
populations. All five seed traits and their confidence intervals are well above the 















Figure 4.6 Seed PST under multiple genetic assumptions. PST estimates and 95% 
confidence intervals for all five traits across a range of assumptions for the genetic 
components of those traits, measured against their FST baseline (dotted green line). PST 
values greater than FST suggest that the trait demonstrates more variance than can be 
explained by neutral demographic factors. The x-axis is a ratio of ‘c’, the proportion of 
phenotypic variance between populations that is attributed to additive genetic effects, to 
‘h2’, the proportion of phenotypic variance between individuals that is attributed to 
additive genetic effects. Due to the lack of a genetic pedigree with which to measure the 
additive component of each trait, a range of values are tested to evaluate the strength of 
the PST estimate under different potential scenarios. A strong signal for selection will 
rapidly deviate from FST at low ratio values, such as in C, D, and E. The confidence 
interval of traits with a weaker signal for selection will overlap with a larger proportion of 
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Figure 4.7 Expected drift distances of seed-origin populations. A visualization of the 
coancestry matrix posteriors show the expected neutral differentiation between each 
population. Given our three refugial lineages, the populations within each lineage show 
substantially less divergence than those between lineages. The inferred ancestral 
population from which all six study populations derived from (labelled ‘A’) is most closely 
associated with the central refugial lineage (populations 3, 4, and 5), suggesting that 















Figure 4.8 Expected trait distances of seed-origin populations. Driftsel results showing 
expected trait space for each population. The central ‘A’ indicates the inferred ancestral 
state and the colored ovals correspond to the median trait variance expected under 
neutrality for each population. The population means are labeled with numbers colored 
to match their ovals. Populations beyond the oval boundary suggest divergent selection 
of trait variance beyond neutral expectations for that population, whereas populations 
near the ancestral state suggest stabilizing selection. Our results appear to suggest 
stabilizing selection, but all trait variances were found to be statistically indistinguishable 









Table 4.1 Trait analysis of variance (ANOVA). Analysis of the variance in our measured 
phenotypic traits among the six population means. Here we demonstrate the results for 
our three main traits: weight, area, and wing-loading. 
 
 Source of Variation SS df MS P-value 
Weight 
Between Groups 0.23 5 0.05 > 0.05 
Within Groups 5.66 69 0.08  
Total 5.89 74   
Area 
Between Groups 72.95 5 14.59 < 0.05 
Within Groups 185.91 69 2.69  
Total 258.87 74     
Wing 
Loading 
Between Groups 0.01 5 0.0026 < 0.05 
Within Groups 0.03 69 0.0004  






















Table 4.2 Phylogenetic GLMM of migration proxies. Our MCMCglmm results found no 
relationship between our wing-loading measurements and our inferred migration 
distances. In each case, phylogeny was better able to explain the phenotypic variance. 
 
Migration Proxy Effective Sample Size Credible Interval pMCMC 
Phylogeny  
Credible Interval 
Latitude 9998 -0.07 - 0.05 0.905 0.18 – 0.97 
Population Distance 10295 -0.0007 - 0.0006 0.906 0.17 - 0.97 























CHAPTER 5:  
CONCLUSION: THE CHALLENGES WE FACE 
 
 





How can we prepare for the future if we don’t understand our past? The 
motivation behind my thesis research is to better enable societal adjustment to the 
environmental changes we are seeing and to try and anticipate the changes yet to come 
by leveraging lessons from past periods of climate change. How we prepare for the 
future will depend upon government policies and conservation efforts, which must be 
bolstered by a realistic understanding of the complex ecological processes involved. My 
results, detailed in this thesis, highlight the importance of the methodology used for 
accurately gauging the effects of climate change and how difficult it is to provide broad 
expectations for climate-response given the species-specific nature we find in refugial 
and dispersal processes. 
The Pacific Northwest mesic system has been the subject of numerous 
paleoecological, phylogeographic, and species distribution modeling studies over the 
decades. Here I contribute to that substantive body of work by first developing genome-
wide SNP datasets for two of its key mesic species, employing a new technique 
(RADseq) to examine the system’s classic questions. Applying RADseq methodology to 





challenge, one that had not been attempted prior to the project’s inception. Since then, 
there have been few, but increasing, attempts to expand the genetic resources of 
conifers using the technique (Karam et al., 2014, 2015). With otherwise limited genetic 
resources available for either study species, this study has provided a unique dataset 
for future studies in the region to further improve their interpretations, and allowed 
unprecedented resolution into phylogeographic questions – particularly when paired 
with other approaches in paleoecology.  
I first found that multiple approaches are needed in order to accurately infer the 
true demographic history of a species. Species distribution modeling, paleoecology, and 
phylogeography each have varying spatial and temporal limitations; therefore, using a 
single approach can produce misleading results. For example, post-glacial paleorecord 
patterns in mountain hemlock would be interpreted to indicate expansion from a single 
refugium, but together with genetic data resolved the existence of multiple refugial 
lineages among modern populations (Chapter 2). It is possible that some of the 
contradictory inferences that have vexed researchers’ predictions for plant response to 
anthropogenic climate change are a consequence of the over-interpretation of single 
data sources. Newer technologies might even further decrease our reliance on single 
approaches. Further development of ancient DNA sequencing methods could provide 
the crucial temporal element that phylogeographic inferences currently lack, allowing 
researchers to more easily genotype populations through time as well as across space.  
We further found that mountain hemlock and western redcedar responded to the 
post-glacial climate shifts with better dispersal capabilities than expected (Chapter 3). 





dispersal barrier between the coastal and interior mesic ranges. While many studies 
consider the possibility of rare, singular long-distance dispersal events, we inferred two 
independent dispersals across the rain-shadow barrier for mountain hemlock. We 
inferred a similar capacity for western redcedar in that its coastal-distribution 
populations were able to establish ahead of, and largely outcompete, interior-distribution 
populations despite the dispersal barrier. Given the dire predictions that many species 
may not be able to keep pace with anthropogenic climate change, these results suggest 
an unexpected degree of resilience to a past example of climate change.  
In recent years there has been substantial debate over the relative roles of 
dispersal versus refugial persistence, with an emphasis on the effect pre-dispersed 
refugia could have on estimates of migration rates. Namely, the discovery of northern 
refugia in many species has led to more conservative estimates of the migration rates 
required to explain current species ranges. My results further highlight that refugial 
populations have had variable effects on the construction of modern species 
distributions, as evidenced by the minimal expansion of the interior redcedar refugium. 
Although significant post-glacial roles for northern refugia have been previously inferred 
(Stewart and Lister, 2001), my results would suggest that the mere existence of a 
refugium does not necessarily mean that migration rate estimates need to be amended 
in every species. Climate migrations may rarely follow a simple and predictable 
narrative, as many of the factors that determine climate response may be species-
specific. 
Lastly, we found little evidence that dispersal traits evolved to improve migration 





(redcedar is already an excellent disperser) or to insufficient time for appreciable trait 
differences to accumulate between the populations, especially given the relatively short 
dispersal distances each refugial lineage traversed. Other species with longer migration 
distances, such as lodgepole pine in Cwynar & MacDonald’s (1987) study, may have 
had more opportunity for selection to have an impact. Alternatively, western redcedar 
may already be at a physiological limit between seed dispersal capacity and survival 
rate, given the substantial dispersal capabilities inferred for the species. A lower seed 
weight can aid dispersal, but could come at the cost of decreasing establishment 
success by limiting its stockpile of stored energy. Much like the inconsistent post-glacial 
impact I inferred for northern refugia, the rapid improvement of migration rates in 
response to ongoing anthropogenic climate changes may not invariably apply to all 
migrating plant species.  
In sum, using multiple lines of evidence we were able to reconstruct the post-
glacial expansion of two mesic conifers and found a more complex species history than 
previous studies could have inferred. This history indicates broad dispersal capabilities 
in both species that are likely to be equally effective in helping these key mesic species 
keep pace with the currently changing climate. Future studies should consider the 
strengths and weaknesses of the methods utilized, and ideally examine their species 
history interpretations from multiple methodological perspectives. As genomic methods 
continue to improve they will be applied to a wider range of previously neglected non-
model species, but the benefits of combining these new approaches with other methods 
should not be overlooked. A future study could also further investigate the possibility of 





With only two refugial populations, one of which migrated from Washington to Alaska, 


























CHAPTER 6:  
SUPPORTING MATERIAL: UNDERSTANDING THE PACIFIC NORTHWEST 
 
 





6.1 SETTING THE STAGE 
Study Region 
We selected the Pacific Northwest (PNW) region of North America as our study 
system for employing new methods in understanding species response to climate 
change, as the region possesses a unique and complex glacial history. The mesic 
temperate forests of the PNW are geographically divided into two disjunct ranges: a  
primary range along the coast and an isolated secondary range inland along the Rocky 
Mountains (Figure 6.1A). The origins of these disjunct populations has been a long-
standing question among biogeographers (Daubenmire, 1952, 1975; Detling, 1968). 
The boundaries for the two regions are defined by the wetter and milder climate 
conditions (Figure 6.2) they embody and can be generally outlined according to the  
broad distributions of western hemlock (Tsuga heterophylla) and western redcedar 
(Thuja plicata). The coastal range extends from northern California to the southern tip of 
Alaska, and the interior disjunction from northern Idaho into British Columbia, following  
the Rocky Mountains (Björk, 2010). Both regions support endangered old-growth 





conifer forest (Alaback, 1991). The coastal and interior mesic environments are 
separated by a 160+ km wide rain-shadow created by the Cascade Range mountains 
(Figure 6.1A). This dry zone presents a substantial barrier for moisture-dependent 
mesic species, and is believed to be as old as the initial uplift of the Cascades 
beginning 2 million years ago (Brunsfeld et al., 2001). 
Despite numerous previous studies, the origin of the modern interior distribution 
remains a subject of debate, and species-specific results disagree on how these 
disjunct communities developed following the last glaciation. During the last glaciation, 
ice sheets covered much of the current interior mesic range (Figure 6.1B) until their 
retreat 16,500-13,000 yr BP (Dyke, 2004). The question lies in where mesic species 
were able to persist through the ice-age within climate refugia. ‘Climate refugia’ are 
regions capable of supporting a species when its broader distribution becomes 
uninhabitable due to changing climatic conditions (Gavin et al., 2014). The size of these 
refugia can vary greatly. Many PNW mesic species are known to have persisted in a 
large macrorefugium on the southern coast, well south of the ice sheets in the region of 
California and Oregon (Brunsfeld et al., 2001). In recent years, however, it has become 
clear that small, protected microclimate environments can harbor refugial populations in 
close proximity to the ice sheets (Hu et al., 2009; Provan and Bennett, 2008; Stewart 
and Lister, 2001; Willis and Whittaker, 2000). These so-called “cryptic refugia” are 
difficult to detect, but could have played a significant role in determining post-glacial 
species distributions by acting as pre-dispersed points of expansion (McLachlan et al., 
2005). If the interior range, being near the ice sheets, was too cold and dry for mesic 





coastal populations would have had to have dispersed up the coast and across the rain-
shadow for the distribution we see today to exist (Figure 6.3A). Alternatively, the rain-
shadow may have been an insurmountable barrier and mesic species may have 
persisted in, and post-glacially expanded from, refugial populations within the interior 
distribution (Figure 6.3B).  
At coarse spatial scales, paleoclimate simulations suggest that the interior 
distribution was inhospitable to mesic species during the last glaciation (Chase et al., 
2008; Mehringer, 1996; Otto-Bliesner et al., 2006), and pollen records reveal that mesic 
forests did not establish until the late Holocene between 6,600 and 4,000 yr BP (Gavin, 
2009; Herring et al., 2017; Rosenberg et al., 2004; Walker and Pellatt, 2003). Detecting 
the presence of small, and potentially distant, refugia is difficult to accomplish using 
sediment records (McLachlan and Clark, 2004). However, such data can provide 
important ecological and climatic context, illustrating glacial conditions in the interior 
range and post-glacial species arrival patterns. Paleoecological sampling is 
unfortunately sparse within the interior range. Existing records, however, appear to 
indicate the establishment of mesic conifer species beginning approximately 4,000 
years ago (Gavin, 2009; Herring et al., 2017; Mehringer, 1996; Rosenberg et al., 2004).  
In contrast, the existence of numerous species endemic to the interior and deep 
intraspecific genetic divergence between coastal and interior populations of several  
widely-dispersed species suggest that some species managed to persist within an 
interior refugium (Björk, 2010; Carstens et al., 2005). Past demographic events can 
have a long lasting impact on the genetic variation of populations (Figure 6.4), such that 





persistence and migration in the species (Avise, 2000; Hewitt, 2000; Knowles and 
Richards, 2005; Petit et al., 2003). Studies have found a high concentration of both 
disjunct and endemic mesic species within the Clearwater River system in central 
Idaho, highlighting it as a potential refugium (Björk, 2010; Gavin, 2009). Although 
several plant and animal taxa with populations in both distributions show evidence of 
recent dispersal between the coast and the interior (Gavin, 2009), three disjunct 
amphibian taxa, two plants, and one mammal show evidence of deep genetic 
divergence. The amphibian taxa, which were found to have diverged from coastal 
relatives ~1.2-4.1 million years ago (Carstens et al., 2005), are of particular interest 
since their distributions diverged on a similar timeframe as the uplift of the Cascade 
Range and the cold and dry glacial climate inferred for the interior would have been 
particularly unfavorable for such organisms (Björk, 2010). Some studies additionally 
found evidence of genetic divergence amongst interior populations, suggesting the 
possibility of multiple compartmentalized glacial refugia independently persisting within 
northern Idaho (Brunsfeld et al., 2007; Daubenmire, 1952). 
 
Study Species 
This thesis focuses on two widely-distributed conifer species common to the 
Pacific Northwest: mountain hemlock (Tsuga mertensiana) and western redcedar (Thuja 
plicata). Mountain hemlock is subalpine species adapted to cool and wet conditions, 
whereas western redcedar is found in more lowland warm and wet conditions. More 
than 50% of the PNW mesic herb and shrub taxa can be found within the distributions of 





to the most recent glaciation (Mokany and Ferrier, 2011).  
Mountain hemlock is a North American subalpine conifer with a primary 
distribution in the coastal areas of the PNW, from central California to southern Alaska, 
and an additional interior distribution in northern Idaho and southern British Columbia 
(Figure 6.5, Left). The species can be found at elevations between 0-3,500 m 
depending on latitude, growing in cold, mesic habitats with ample snowpack and a short 
growing season. Such environmental preferences make mountain hemlock highly  
sensitive to arid conditions, such as the region east of the Cascade Range that lies 
between the coastal and interior ranges of this species. Mountain hemlock is a long-
lived tree that reaches sexual maturity around 20 years of age (Means, 1990; Ruth, 
1974), and can live over 800 years (Brooke et al., 1970). The trees are monoecious and 
primarily outcrossing (≥95%), with very low levels of selfing (Ally et al., 2000). They are 
capable of vegetative reproduction, in which a branch or root offshoot separates and 
begins growing as a separate individual, in more stressful environments (Lowery, 1973). 
Seeds and pollen are primarily wind-dispersed (Brooke et al., 1970; Means, 1990); 
however, ~50% of seeds fall within 30 meters of the parent tree, with less than 10% 
reaching 120 meters (Shearer et al., 1986). In mast years, seeds are prolific, reaching 
1,677,000 seeds/acre (Franklin and Smith, 1974). 
Western redcedar is a shade-tolerant, mesic temperate conifer found in the 
Pacific Northwest region of the North American continent (Figure 6.5, Right). Trees are 
generally about 50 meters tall, with a buttressed base and reddish-brown bark. The 
leaves are scale-like, spreading out in flat branchlets. Western redcedar is 





the underside of its leaf scales. The species is long-lived, with the oldest recorded 
individual being 1,460 years old (Farjon, 2005). Its distribution is split into two primary 
ranges: a coastal range following the Cascade Mountains from northwest California to 
southeast Alaska, and an interior range following the Rocky Mountains from Idaho to 
eastern British Columbia. Redcedar is limited by moisture availability and temperature, 
being a mesic species and vulnerable to frosts. It tends to grow as part of a mixed 
conifer forest, generally below an altitude of 4,000 feet, and in wetter areas, such as 
swamps, ravines, along streams, and poorly drained zones. Western redcedar is a 
monoecious species that is capable of selfing, but is primarily outcrossing (71.5%; 
(O’connell et al., 2001). Individuals are also capable of vegetative reproduction. 
Offspring resulting from selfing appear to be minimally impacted by inbreeding 
depression compared to other conifer species (Russell et al., 2003). Redcedar trees are 
capable of reproduction within 20-30 years, although if growing under open conditions 
they may reach maturity as quickly as 10 years (Minore, 1983). Its seeds and pollen are 
primarily wind-dispersed, with most seeds falling within approximately one hundred 
meters of the parent tree (Hetherington, 1965; McCaughey et al., 1986; Minore, 1990). 
Western redcedar is known for its wide range of abundant secondary metabolites, which 
provide defense against predator and fungal attacks (Lewinsohn et al., 1991). These 
properties make the tree’s wood highly resistant to decay and it is therefore greatly 








6.2 TOOLS AND TECHNIQUES 
Field sampling 
Sampling sites for this project (Figure 6.6) were selected based on two criteria: 
prior evidence of species presence and site accessibility. Although species maps exist 
for both species, they tend to be broadly accurate whereas our needs were for specific 
locations. To that effect, collection sites from published research studies and the 
personal experience of local academics were invaluable for reliably finding collection 
sites. Additionally, online resources such as the ‘Califlora.org’ website, an online 
database of plant sightings in California, helped us track down isolated populations in 
the southern extent of the western redcedar range. Lastly, we received assistance on 
numerous occasions from the United States and Canadian park services, who were 
invaluable resources for planning our field excursions into each region of the Pacific  
Northwest. Our primary sampling strategy was to first identify key regions we deemed 
important for the projects research questions, then identify multiple sites within each 
region to ensure that at least one is able to produce useable samples. Numerous sites 
during our field sampling ventures either did not ultimately have the study species or 
was simply inaccessible. There were several occasions where none of our scouted sites 
proved fruitful, requiring a degree of field improvisation to infer likely sites based on 
local conditions.  
Our ability to reach each site was also a key consideration after having 
researched promising locations. We made heavy use of ‘Google Earth’ satellite imagery 
during this phase to judge each sites accessibility. We prioritized sites that were near 





that these were likely to be the most accessible. Road access proved to be a critical 
factor. Although there were many promising off-road sites, we found that prioritizing 
potentially-less optimal sites with better road access to be a more reliable approach. 
Being able to reach multiple sites in one day meant that we could easily absorb the loss 
of a single failed site, whereas a lengthy trek to a promising, but ultimately 
unsatisfactory, site could waste an entire day. Of our two study species, mountain 
hemlock proved to be the more difficult to collect. Whereas the widely-distributed and 
low-altitude western redcedar can be found along the roadside across most of its range, 
mountain hemlock, as a subalpine species, tends to grow in less-accessible high-
altitude regions and only on certain slopes with select environmental conditions. 
Therefore, while we were able to use standard public roads or logging roads to quickly 
reach most western redcedar sites, mountain hemlock often required varying degrees of 
hiking to reach useable sites. One particularly useful resource we discovered for 
sampling mountain hemlock were ski resorts, as they generally maintain a wide-ranging 
road system that reaches the altitudes and slopes frequented by the species. Another 
useful resource were websites maintained by hiking aficionados, which explain how to 
access lesser-known hiking paths in the region and often times explicitly detail the tree 
species that can be found along the route. 
Our study also had the good fortune that a common garden is maintained for 
western redcedar at the Cowichan Lake Research Station in Victoria, British Columbia. 
Redcedar trees grown at the station from seeds collected across most of the species  
range allowed us to quickly conduct the majority of our tissue sampling for the species 





regions of interest. The original seeds collected from the wild to populate the common 
garden were collected via helicopter, which sometimes resulted in sporadic sampling 
patterns with individuals collected kilometers apart. In order to remain consistent with 
our field-collected populations, we preferentially collected, and sequenced, leaves from 
trees that were in as close a proximity as possible. The common garden had few 
samples available from the interior distribution of western redcedar, particularly from its 
southern extent, and from portions of the coastal distribution that required additional 
field sampling. Importantly, however, the common garden was able to provide our study 
with redcedar samples from less-accessible regions of British Columbia. Our repository 
of redcedar leaf samples grew to such a size that it ultimately outstripped our ability to 
fully sequence all of the populations, whereas every one of our few, painstakingly-
collected hemlock populations were sequenced.  
We refined a sampling technique over the course of the hundreds of field 
collections conducted for both species (Figure 6.7) When choosing trees for collection 
at each site, we would avoid locations that had undergone logging and showed signs of 
replanting since the trees may not have been locally sourced. Each tree was ideally at 
least 100 meters apart from the others, as measured using GPS. If the GPS signal was 
weak and unusable, we would estimate a rough measure for distance by equating 1 
pace-length to approximately 1 meter (depending on the person and the terrain) and 
walking 100 paces between trees. Ideally 15 trees were sampled per site, though 
upwards of 20 were collected if readily available. We would look for younger trees with 
readily accessible branches that appeared to be in good health and collect a single 3-4 





comparatively lighter green color. Young leaves tend to have fewer secondary 
metabolites, which can interfere with DNA sample preparations and sequencing, and 
provide a higher DNA yield. It was important to make as clean a cut as possible to avoid 
unnecessary damage and trauma, which could potentially initiate cell and tissue death 
processes within the leaf and damage its DNA. Immediately after removing leaves from 
the branch they would be transferred into a bag of loose desiccant. The water content of 
each leaf sample must be fully removed within 24 hours to avoid DNA degradation. As a 
precaution, we prepared each Whirl-Pak™ sample bag with a three-fold excess of 
desiccant than what the manufacturers estimate would be required to absorb a volume 
of water approximate to that of the leaf samples we were collecting. We would shift the 
leaf sample around in the bag until it was covered by the desiccant, removed the excess 
air inside the bag, then rolled it closed while ensuring that the leaf did not get caught in 
the plastic. The sample bag was then labeled with an abbreviated site name and 
sample number. This information was also replicated at greater length in a notebook 
with the GPS coordinates of the individual collected as well as any relevant tree or site 
information. In the event of ongoing or recent rain, we needed to avoid exposing the 
desiccant to additional moisture. From beneath an umbrella, we would use paper towels 
to dry off collected leaves before transferring them into a sample bag. The sample bags 
were then stored in a closed container, avoiding any direct sunlight, excessive heat, or 
moisture that might damage the leaves or the sample labels. Upon return to the 
University of Illinois at Urbana-Champaign, we left the desiccated samples within their 







Upon returning our leaf tissue samples to the lab at the University of Illinois at 
Urbana-Champaign (Figure 6.8) we began extracting their DNA using two methods: the 
‘Qiagen DNeasy® Plant Mini Kit’ for western redcedar and a custom CTAB extraction 
protocol for mountain hemlock. While we were able to readily extract high-quality 
western redcedar DNA using the ‘Qiagen’ kit standard extraction procedure, our initial 
testing found them to be ineffective for mountain hemlock. Many conifers have high 
concentrations of secondary metabolites, such as polysaccharides and polyphenols, 
that interfere with extraction and sequencing methods (Lewinsohn et al., 1991). 
Polysaccharides, which co-precipitate with DNA, formed thick, viscous extracts in our 
samples during testing. Our initial extractions also suffered from persistent DNA 
degradation problems. We considered polyphenols, often involved in plant defenses 
against ultraviolet light or pathogen damage, to be a possible source of that degradation 
as they can oxidize during extraction procedures and damage DNA. We needed pure, 
uncontaminated DNA for reliable and reproducible results, particularly for use in 
RADseq which is susceptible to low-quality DNA (Graham et al., 2015). For mountain  
hemlock DNA extraction we modified a Cetyl trimethylammonium bromide (CTAB) 
procedure used by (O’connell and Ritland, 2004) for a western redcedar genetics study. 
Under high salt conditions CTAB forms an insoluble complex with polysaccharides, 
which allowed us to precipitate them out our DNA samples during extraction. We utilized 
1–bromo–3–chloropropane organic-phase extractions to further remove 
polysaccharides (Porebski et al., 1997). We additionally treated our samples with 





them or slowing their oxidation (Porebski et al., 1997). Western redcedar is well known 
for its lumber’s natural resistance to pests and decay, therefore we had anticipated 
abundant secondary metabolites similar to our mountain hemlock samples. Oddly, 
although the (O’connell and Ritland, 2004) CTAB extraction was originally designed for 
western redcedar to deal with exactly these difficulties, we did not find it necessary for 
redcedar extractions in our study and instead utilized a standard ‘Qiagen’ kit without any 
modifications (Figure 6.9). 
In preparation for both DNA extraction methods each desiccant packet was 
subsampled for 20 mg of unblemished leaf tissue, which was ground under liquid 
nitrogen (Figure 6.9 A and B). Grinding our samples under liquid nitrogen reduced the 
leaves to a fine powder while maintaining a low temperature, increasing the sample  
surface area so that our extraction reagents could quickly rupture the cells and disrupt 
any cellular activity that would damage the DNA. We initially used a bead-beater 
machine to more efficiently disrupt our leaf samples, but found that friction heat 
generated during the procedure was causing persistent DNA degradation. Only by 
manually grinding our samples under the cold of liquid nitrogen were we able to forestall 
damaging cellular processes until we could chemically halt their activity. 
After extraction we checked each sample for DNA purity, degradation, and 
concentration.  We checked our sample purity using a ‘Thermo Scientific Nanodrop™ 
2000c UV-Vis Spectrophotometer’, with a preferred wavelength ratio of 260/280 nm > 
1.8 and 260/230 nm > 1.5. Values lower than these can indicate protein or 
polysaccharide contamination. Samples were visually inspected for DNA degradation 





of genomic DNA without any smearing or laddering effects that would indicate physical, 
chemical, or enzymatic damage. DNA concentration was quantified using a ‘Thermo 
Fisher Scientific Qubit™ 2.0 Fluorometer’ according to the manufacturer’s instructions. 




Phylogeographic studies thus far have principally relied on mitochondrial and 
chloroplast DNA markers, which have limited genetic variation that can make all but the 
most prominent demographic events difficult to resolve (Wolfe et al., 1989). We made 
use of the restriction-site associated DNA sequencing (RADseq) technique for our 
study. RADseq operates by subsampling the entire genome for nuclear markers (Baird 
et al., 2008). Its strength lies in its use of restriction enzyme cut-sites to subsample the 
same loci from every individual without any prior knowledge of its genetics, allowing us 
to compare patterns of genetic variation across our non-model species range and infer 
post-glacial population structure and dynamics (Etter et al., 2011). By skipping the 
marker discovery step of past sequencing techniques, RADseq avoids some of the bias  
prior studies of non-model organisms were susceptible to and is capable of discovering 
thousands, as opposed to tens, of genetic markers for analysis (Emerson et al., 2010).  
RADseq functions by first digesting the study organism’s genome with restriction 
enzymes (Figure 6.10). Restriction enzymes are found in bacteria and archaea, where 
they are used to defend against viral attacks by cleaving foreign DNA strands at a 





reliably cut our organism’s genome at the same locations in each sample. By ligating 
custom constructed adapters containing PCR and Illumina primer attachment 
sequences to those cut sites we are able to selectively amplify the stretches of DNA 
next to them (Figure 3.6; (Etter et al., 2011). Primers are short DNA sequences used to 
initiate the replication process in PCR and Illumina sequencing reactions. Unique 
barcodes are included in the adapters which allow us identify which individual a 
sequence was derived from. These sites were then sequenced using the ‘Illumina™ 
HiSeq 2000/2500 platform’. In this way, we are able to compare the same subset of the 
genome across all of our study populations.  
In our particular study we utilized a modified version of RADseq called double-
digest RADseq (ddRADseq; (Peterson et al., 2012)(Andrews et al., 2016), where two 
enzymes are used to digest the genome: an infrequent cutter and a frequent cutter. The 
region bordering the infrequent cutter is the target for sequencing, while the frequent 
cutter is used to reduce the size of the fragment. This provides more consistent targets 
for sequencing than single-enzyme digests, which rely on random shearing methods to 
pare down sequence lengths (Peterson et al., 2012). We used the AscI and MseI 
enzymes for our study, both of which leave a “sticky end” of overhanging DNA when 
they cleave a strand (Figure 6.10; AscI and MseI). These ends require a complementary 
overhang in order to ligate to another sequence.  
By providing our adapter sequences with complementary ends, we can 
specifically target our enzyme cut sites. This, in turn, allows us to manipulate primer 
design in such a way that ensures only fragments possessing both adapters are 





with adapters are able to amplify, and only fragments with both adapters can be 
sequenced. Both the PCR and ‘Illumina’ sequencing reactions require primer sites in 
order to function. The adapters were designed such that the AscI adapter possesses a 
normal PCR primer site, the MseI adapter an incomplete PCR primer site, and both  
adapters an incomplete ‘Illumina’ primer site. During the initial stage of PCR, only the 
AscI adapter is capable of initiating sequence replication. If the opposing side of the 
fragment has an MseI adapter, then the assembly begun at the AscI adapter completes 
the MseI adapter primer site. A key element in the ‘Illumina’ reaction is a specific DNA 
sequence which binds fragments to the flowcell of the sequencer. Without this 
sequence a fragment is washed away and not processed. The flowcell sequence is 
incorporated into the PCR primers such that they can only be added onto a fragment as 
part of the PCR extension from each adapter’s primer. This ensures that only fragments 
possessing both adapters are capable of possessing all of the elements necessary to 
both effectively amplify and sequence. 
Illumina sequencing functions in a similar fashion to standard PCR reactions. The 
double-stranded DNA fragments are denatured into single strands and bound to the 
sequencer with segments complementary to their adapter sequences. Any DNA 
fragments that are unable to bind to the sequencer are washed away. The strands are 
then repeatedly PCR amplified until they form dense clusters of identical DNA strands. 
Fluorescent-labeled nucleotides are then added to a primer site on the loose end of the 
fragments. These nucleotides are capped in such a way that prevents other nucleotides 
from ligated to them. Due to the dense clusters of replicated fragments, when a laser is 





camera to distinguish the nucleotide its color corresponds to. The fluorescent tag and 
cap is then cleaved from the sequence, and a new Fluorescent-labeled and capped 
nucleotide ligated on and read. The process is repeated many times, progressively 
reading the sequence one base at a time.  
We initially began the project with the intention of preparing our RADseq library 
in-house. Complications arose, however, in our attempts to adapt the technique to our 
non-model organisms. RADseq studies have primarily focused on organisms with small 
genomes on the order of several mega-base pairs in size or less. Western redcedar has 
a genome of 22 giga-base pairs and mountain hemlock 36 giga-base pairs (Zonneveld, 
2012). Such sizes are not unusual in plants, which tend to be more tolerant of gene 
duplication events and bloated genomes than animal species (Panchy et al., 2016). 
However, genome size became an important factor in our decisions regarding restriction 
enzyme selection and sequencing efforts. Although we were unable to confirm our 
suspicions, we believe that adverse interactions between RADseq and our large 
genomes were the root cause for the initial project difficulties.  
Genome size has an important implication for RADseq enzyme selection, since 
the size of the enzyme cut-site selected determines the number of genome fragments 
that need to be sequenced. The cut-sites of most commercially-available restriction 
enzymes range from approximately 4-8 base pairs in length, with smaller cut-sites 
occurring more frequently in the genome. More frequent cut-sites mean a larger 
proportion of the genome is subsampled, and conversely less frequent cut-sites mean a 
smaller proportion of the genome is subsampled. However, once the RADseq library is 





the sequencing of a RADseq library: coverage and depth. More cut-sites mean there 
are more unique fragments that sequencing needs to cover. If there are too many 
unique fragments for the allocated sequencing resources, then certain loci may appear 
in some populations but be missing in others. Additionally, in order to properly 
determine the allelic composition of a diploid-organism locus, a theoretical minimum of 
two copies of each fragment must be sequenced to account for the two alleles of a 
heterozygous locus. In reality, a much deeper depth of coverage (on the order of 20+) is 
necessary in order to provide statistical confidence in a locus’s allele composition. 
Again, if there are insufficient sequencing resources allocated then a given locus may 
not have enough depth of coverage for its allelic composition to be inferred. The degree 
of sequencing needed to meet these two demands (coverage and depth) is heavily 
determined by the number of fragments generated by the initial choice of restriction 
enzyme during library preparation.   
We attempted to modify a version of the double-digest RADseq library 
construction protocol (Peterson et al., 2012) for use with large genomes. It made use of 
an eight base pair methylation-sensitive restriction enzyme as an infrequent cutter 
(AscI; Figure 6.10) and a four base pair enzyme as the frequent cutter (MseI; Figure 
6.10). We were limited to the largest enzyme cut-sites available for our infrequent cutter 
due to the large size of our study genomes. We avoided more commonly used (and 
more reliable) small cut-site enzymes because the large number of fragments 
generated would dramatically increase our sequencing requirements. We selected a 





repeat sequences tend to be methylated and are likely in genomes of this size (Keller 
and Soojin, 2014). 
Sequencing of our RADseq libraries at the University of Illinois’s Keck Center 
successfully produced high-quality reads, but unfortunately the sequenced fragments 
tended to lack an identification barcode and/or restriction cut-site remnant. Since the 
first step in downstream sequencing analysis is a quality filter based on the presence of 
those two features, between 40-95% of each individuals sequences were discarded. 
Given the design of RADseq, this kind of an output should have been theoretically 
impossible (Figure 6.11). The RADseq adapters bear the identifying barcode as well as 
both the PCR and Illumina primers needed for amplification and sequencing. Fragments 
should have needed both relevant restriction cut-sites (AscI and MseI) and received 
both relevant adapters (and consequently a barcode) for any sequencing to have 
occurred. The lack of barcodes and restriction sites on sequenced fragments suggests 
rampant non-specific binding was somehow occurring and allowing sequencing of what 
were presumably off-target fragments. In personal communication with Dr. Paul Etter, a 
researcher at the University of Oregon who worked on the initial development of the 
RADseq protocol, he suggested that our difficulties might derive from degraded DNA or 
from the rarity of our 8-base pair enzyme cuts. 
We were never able to ascertain the exact mechanism for this error, but acted 
upon several theories while attempting to correct it. We first improved our initial DNA 
extraction methods to produce higher quality samples (see section 6.7) as suggested by 
Dr. Etter. Our enzyme selections, bound by the constraint of large genomes, had a 





number of unwanted fragments. MseI theoretically cuts on the order of 200x more often 
than AscI, and therefore most fragments after enzyme-digest of the genome would have 
MseI cuts on both ends. We also considered the possibility that the sheer quantity of off-
target fragments somehow interfered with PCR amplification in such a manner that it 
produced off-target sequences and unusable Illumina sequencing reads. We 
consequently attempted to selectively purify our samples in favor of the target fragments 
by using paramagnetic streptavidin beads and biotinylated adapters. Biotin and 
streptavidin molecules have an very high affinity for one another and readily form a 
strong bond (Marttila et al., 2000). After enzyme digestion, we ligated a set of AscI-site 
adapters that had been tagged with biotin and exposed the sample to streptavidin-
coated paramagnetic beads. The biotin on the ligated adapters would attach to the 
beads, allowing us to extricate only those fragments with an AscI adapter from the rest 
of the sample using a magnet. After ligating the MseI-site adapter, the purified sample 
was then PCR amplified and sequenced. Unfortunately, these efforts only proved 
moderately successful and were ultimately deemed insufficient for dealing with the 
substantial sequencing read losses. 
We ultimately requested assistance from Floragenex, Inc. (Eugene, Oregon), a 
company specializing in generating and sequencing RADseq libraries. Their initial 
testing encountered similar complications to our own in-house attempts, with similarly 
failed efforts to compensate for the unusual sequencing errors. They instead found 
success by switching to the 6-base pair enzyme PstI as the frequent cutter, which 
almost completely reduced the failure rate of our sequenced fragments. This had the 





however, forcing us to reduce the number of sequenced individuals and populations. 
We submitted 1 µg samples of 20 ng/µl DNA from 149 mountain hemlock samples and 
154 western redcedar samples, representing 21 and 22 populations respectively. 
Floragenex, Inc. prepared ddRADseq (Peterson et al., 2012) libraries for both species 
and performed single-end sequencing using the ‘Illumina™ HiSeq 2000/2500 platform’. 
The sequencing required to provide sufficient coverage and depth was substantial, 
necessitating 4 ‘Illumina’ lanes for each of three sample plates and generating 728.1 
million reads for mountain hemlock and 846.9 million reads for western redcedar. 
 
Sequencing analysis 
The raw data output from each ‘Illumina’ sequencing lane consisted of an 
extremely large text file with no organization or categorization. The only information we 
had for that file was which adapter barcodes were utilized in that lane and which 
individuals they corresponded to. In order for the data to be rendered useable for 
population genetics analyses, we needed to de-multiplex the data, infer the loci we 
managed to sequence, and infer which alleles those individuals possessed for those 
loci. To do this, we utilized the Stacks software (v1.35; see (Catchen et al., 2013, 2011), 
a program for processing raw RADseq data files (Figure 6.12). We began by filtering the 
raw data for quality and de-multiplexing it into discrete individuals according to their 
barcode information. This was done using the ‘process_radtags’ subprogram in Stacks 
(Figure 6.12A). The data was filtered based on whether the barcode sequence and 
restriction enzyme cut site were intact on each sequenced read. Some errors could be 





was at this stage that our initial sequencing attempts would lose most of the data due to 
the absence or corruption of the barcode and/or restriction site. Reads were also filtered 
according to their sequencing quality, discarding any reads below 90% accuracy. We 
had high sequencing quality for all of our samples, including the failed in-house 
attempts, and lost few reads as a result. 
After quality filtering, we processed our data through a pipeline designed to 
identify polymorphic loci and their most likely allele compositions. A locus indicates a 
specific DNA region on the genome. In our case, all of our loci are the 96 base pairs 
bordering PstI restriction enzyme cut sites. Because our study species are diploid 
organisms they possess two copies of their DNA, having inherited a version from each 
parent. Having derived from separate sources, there may be nucleotide differences 
between the two DNA versions at a given locus (called ‘single nucleotide 
polymorphisms’, or ‘SNP’s). These variations are called ‘alleles’, and as diploid 
organisms we can expect at most two for any given locus in our study. The difficulty of 
this data processing stage lies in correctly identifying which locus a particular read 
belongs to. Two identical reads likely belong to the same locus (paralogs 
notwithstanding), but we also expect to discover polymorphic loci in our dataset. 
Polymorphic loci, by definition, are non-identical versions of the same DNA region. 
Therefore, although identical reads may belong to the same locus, there may be other 
alleles at that locus. However, it is not always clear how different those variants can be. 
A key consideration is to distinguish the boundary at which there are sufficient 
nucleotide differences that it no longer makes sense to designate a read as an allele 





stringently, then the alleles of a true polymorphic locus will be wrongly designated as 
separate and distinct loci. By contrast, if the boundary is set too loosely, then separate 
loci can be wrongly designated as the alleles of a single locus and accumulated into an 
overly-polymorphic super-locus.  
In other projects, the dilemma of defining a locus can be avoided by instead 
comparing the sequenced reads to a reference genome. For our study species, as non-
model organisms with few available genetic resources, we attempted to select 
parameters which maximized the number of polymorphic loci while avoiding the 
allocation of more than two alleles per locus. We used the Stacks pipeline 
‘denovo_map.pl’, which consists of four subprograms (Catchen et al., 2011). The first 
subprogram, ‘ustacks’, sorts reads into their probable loci and infers alleles using a 
maximum likelihood framework (Hohenlohe et al., 2011). It accomplishes this by first 
combining reads into identical stacks (with some user-defined flexibility on what 
constitutes ‘identical’), which are each distinct alleles of various still-unidentified loci. 
Because sequencing errors can generate spurious “alleles”, a minimum number of 
reads were required for a stack to be retained. On the other hand, repeated DNA 
sequences are not uncommon in conifers due to genome duplication events and can 
have the effect of generating massive stacks due to the added identical copies. These 
were also removed since disentangling the multiple loci is a complex challenge. The 
identical stacks generated in this stage were then compared to one another and, if the 
nucleotide differences were within a defined limit, combined to create the two alleles of 
a heterozygous locus. If no other stacks are sufficiently similar, it was interpreted to 





The second subprogram, ‘cstacks’, sorted the various inferred loci into a 
comprehensive catalog (Figure 6.12F). Different individuals will not necessarily have the 
same alleles at a given locus, especially if they come from separate populations with 
genetically distinct histories. The catalog identifies matching loci between individuals (in 
a similar fashion to ‘ustacks’), discovers any distinct polymorphisms, and combines 
them into a consensus sequence that accounts for the allelic diversity at that locus. The 
third subprogram, ‘sstacks’, then compared the loci identified in ‘ustacks’ to the 
consensus sequences in ‘cstacks’ (Figure 6.12G). Our sequencing was not able to 
capture the same loci at every single individual, resulting in varying degrees of missing 
data. This subprogram uses the consensus sequences as a kind of reference genome, 
identifying where that particular individual does, or does not, have a locus sequenced 
out of the total set of loci discovered in our samples. If a locus from an individual 
matched multiple consensus loci or if multiple loci from an individual matched the same 
consensus locus, then those loci were discarded. 
The final sub program, ‘populations’, provided basic population genetics statistics 
and data output in formats needed for other analysis programs (Figure 6.12H). This 
subprogram is flexible and able to be rerun with different subsets of individuals and 
parameter settings as needed for various analyses. Loci can be filtered to the desired 
level of representation in the dataset, based on the percentage of individuals in a 
population and the number of populations commonly possessing a given locus. For 
example, for our analyses we attempted to use datasets in which all loci were in at least 
75% of individuals in a population and in at least 19 of the 21 (hemlock) or 22 





Depending on the analysis we made use of more or less strict parameters, which would 
respectively permit fewer and more loci into the dataset for analysis. Some analyses, for 
example, had poor tolerance for missing data and required presence in most individuals 
and all populations of the dataset, whereas others were more tolerant and could be fed 
larger datasets. 
 
6.3 MIGRATION OF MINDS 
Outreach Efforts 
Over the course of my graduate work I participated in many different outreach 
events, ranging from greenhouse tours to the development of course material. In this 
section I present an education module that my colleague Joseph Napier and I 
developed as part of teacher’s workshop hosted at the University of Illinois in 2017. 
Here I present the publication which we aim to submit to an education journal. 
 
ONE PIECE DOES NOT COMPLETE A PUZZLE:  
SCIENCE IN AN AGE OF HYPERBOLE 1 
 
Introduction 
Complex scientific challenges are rarely resolved by a single study. Instead, the 
strength of science lies in its iterative and repeatable nature. More often, findings from 
                                               
1 This section was submitted for publication under the title “One piece does not complete a 
puzzle: Science in an age of hyperbole” with the authors Fernandez MC, Napier JD (Co-First 






multiple targeted projects collectively generate a comprehensive approximation of an 
answer to a given question. With sufficient time and research effort those 
approximations may solidify into more definitive conclusions. However, media sources 
rarely elaborate on this process, instead preferring to focus on attention-grabbing 
headlines. The uncertainty inherent to the sciences tends to be ignored, with news 
stories digesting the inferences made by singular studies and parsing them as definitive 
answers to complex questions. A single study could be an outlier for a number of 
reasons, such as stochastic factors, human bias, or even outright fabrication. Students 
need a conceptual framework for how a research study is conducted that highlights the 
pitfalls and uncertainties faced by real-world scientists and the importance of 
independently replicating research results. 
To maintain a well-informed public capable of navigating controversial topics, 
such as climate change or vaccines, science literacy has become an increasingly vital 
skill (e.g., Shi et al., 2015). News outlets can act as an intermediary, but often present 
research findings with little context of how it was done or how it compares with the 
broader field (Smith, 2005). This promotes a “black box” view of science in which, 
through seemingly intangible means, infallible “truths” are derived. Since individual 
research studies tend to be based upon carefully crafted, but narrowly focused, 
experimental designs, unsuitably broad conclusions may be drawn from media science 
reports without realizing the limitations of the data. This can often lead those watching 
such news segments to conclude that a small piece of the bigger picture represents a 
comprehensive conclusion for a large issue. A good example that continues to receive a 





strictly mean warming everywhere in the world, there are studies documenting cooling 
patterns on a smaller, more regional scale despite the increase of carbon dioxide over 
the past 150 years (Rogers, 2013). Therefore while, on a global scale, the overall 
pattern is that of warming (IPCC, 2014), too much focus on a single study documenting 
cooling patterns could lead some people to be misinformed.  
 
Introducing the Game 
The game is structured around interpreting the impact of past climate change on 
the modern distribution of the fictional tree “Illini spruce”. This game was designed to be 
integrated into an instructional unit focused on how changes in the physical environment 
contribute to shifts in species distributions and genetic divergence between isolated 
populations (i.e. HS-LS4-5: population response to climate change). By integrating the 
game into a unit, students will have the chance to evaluate the evidence behind two 
rival hypotheses and propose a solution based on their findings. This activity directly 
addresses the performance expectations of HS-LS4-5 while leading to a deeper 
understanding of the science practices. Curriculum materials intended to focus on core 
concepts underlying the scenario of a scientific conflict have been created for teachers 
to use as a way to introduce the game using the game and game mechanics (available 
at http://publish.illinois.edu/arctic-workshop/). Teacher support materials (slides and 
background content) highlight the changing climates of the past and their impact on 
species distributions, how scientists can infer species responses to past climate change 





answer a study question given limited funds. These materials provide the setting behind 
the scientific controversy around which the game context is based.  
Using this information as an introduction, students are placed into groups prior to 
the start of the game and begin to design a research study for the game scenario with 
each group constrained by varying levels of funding. These funding limitations, in 
combination with each group's potentially unique take on a study design, are intended to 
produce varying results and conclusions amongst the different groups. At the end of the 
game, students will discuss why each group produced different conclusions despite 
sampling from the same source, and which conclusion they think is ultimately correct 
once they reexamine the scenario with all of their accumulated data, cutting across 
different groups. 
A key aspect for discussion after playing the game is to highlight the fact that 
scientists do not have access to unlimited resources with which to gather informative 
data. Limited funding means researchers must design their sampling strategy so that 
they are able to answer the study question within the available budget. This involves 
careful consideration of the research question the project is attempting to address, what 
potential answers there are for that question and what kind of results could be expected 
for each answer (hypothesis and prediction), and how to collect data to be able to 
distinguish between those potential answers (study design). Poor study design can 
leave researchers unable to distinguish between their predictions, or cause them to 
miss critical details and misinterpret the data. Student groups are expected to make 





mistakes become apparent when the groups compare their results, highlighting the 
danger of basing broad conclusions on a single study. 
 
The Illini Spruce Sampling Game 
This game is based around understanding how the fictional Illini spruce tree 
arrived at the distribution we see today (Figure 6.13). Although the species and 
locations themselves are made up, the scenario in the game is based on real data 
obtained from extensive genomic sampling of conifers in the Pacific Northwest. By 
grounding the game in biogeographic patterns induced by the last major glaciation 
event in North America, it adds a sense of realism by providing a hands-on experience 
in deciphering and contextualizing results from a scientific study.   
In the game, the Illini spruce is split into two populations, a western population 
and an eastern population, that are separated by a mountain range. During the last ice 
age, glaciers pushed south and covered much of the area where Illini spruce now 
grows. Illini spruce does not do well in a cold climate; therefore, its range shrank during 
the last ice age, as the glaciers and colder climate forced the species south and left a 
much smaller area where it could persist. This has a long-term impact on the genetic 
variation of the species (e.g., Figure 6.14), the modern patterns of which can be used to 
infer the past processes that formed them. Very little of what is now the eastern 
population was ice-free, and scientists think that it was probably too close to the glacier 
and too cold for Illini spruce to have survived there during the ice age. In contrast, a 
significant amount of evidence has been found that Illini spruce was able to survive at 





climate warmed and the ice age ended, the glaciers melted and more habitat became 
available for Illini spruce. Its range expanded, moving out and into the area we see it 
inhabit today.  
Preliminary studies on Illini spruce have led to different ideas about how this 
post-ice-age range expansion happened. Consequently, a debate has sprung up in the 
scientific community on how to resolve the conflicting findings. One group of scientists 
thinks that the east population had to have been populated by migrants from the west 
population. They argue that it was impossible for Illini spruce to survive east of the 
Heath Range during the last ice age, and that those individuals must have been wiped 
out as the climate cooled. This leads to Hypothesis I: Western population trees must 
have managed to spread over the mountain range during their range expansion and 
form the today’s eastern population.  
The other group of scientists thinks that the Heath Range is too significant of a 
barrier for Illini spruce to have migrated over. They argue that some spruce must have 
managed to survive east of the Heath Range during the last ice age. This leads to 
Hypotheses II: Illini spruce could have persisted through the ice age within small 
“climate refugia”, which are sheltered areas with a more bearable climate in which the 
trees can survive. Illini spruce then expanded to form the eastern population once the 
climate warmed.  
To test these hypotheses, scientists use DNA evidence in the form of molecular 
markers, which allow them to trace the potential sources of individual trees. They can 
be used to infer past geographic distributions based on the differences and similarities 





predict that all molecular markers in that region are a subset of those in the western 
range, because the trees migrated from the west. Moreover, one would also expect a 
greater diversity of molecular markers in the western range than the eastern range 
because not all of them will manage to migrate into the eastern range. If a refugium did 
persist in the east (Hypothesis II), one would predict that there are unique molecular 
markers there as a consequence of genetic differentiation through population isolation 
for thousands of years.  
To resolve this debate, students take up the role of scientists. They must collect 
genetic information from across the range of Illini spruce and use basic probability to try 
and interpret their results. They work in small groups to plan and execute a sampling 
strategy that they think will provide the best clues for understanding the processes that 
shaped the current Illini spruce distribution. Each group has a limited amount of funds 
and must maximize the efficiency of their designs by weighing the number of sites they 
wish to sample versus the number of individuals at each sampling site. Sampling many 
sites with few trees at each site provides a wide view of the species range, but could 
overlook important genetic variation at a given site. In contrast, sampling many trees at 
a few sites captures the full genetic variation at the sampled sites but could miss 
important differences at key unsampled sites. Groups must decide where they lie on 
that spectrum in their attempt to gain an accurate representation of how Illini spruce 
populated its current range. 
After sampling concludes, each group answers a series of questions based on 
their results to help unravel the history of Illini spruce. When each group has completed 





the other groups. This process engages students by illustrating how basic probability is 
used to interpret scientific data in a meaningful context, demonstrating the large impact 
real world budget constraints may have on study results, and encouraging critical 
reasoning as to why conflicting interpretations arise despite sampling the same species 
(i.e. lack of sampling on their or other groups; disagreement over the patterns). 
 
Preliminary Feedback 
The activity was presented at the 2017 Illinois Teacher’s Workshop, hosted by 
the University of Illinois at Urbana-Champaign, and was well received by teachers 
(Figure 6.15). The module received overwhelmingly positive feedback, with 91% of the 
teachers stating they intended to utilize the activity in their classrooms and the 
remainder expressing interest given some modifications to the game. Feedback from 




The practice of obtaining, interpreting, and contextualizing data is crucial across 
scientific disciplines to advance our understanding of the natural world. The Illini spruce 
sampling activity encourages students to explore the reality of scientific data collection 
while also providing hands-on experience in interpreting and sharing results. Having 
experienced the potential pitfalls in their own research design attempts, students will 
walk away from the game with a better sense of the limitations of extrapolating 





critically analyze and evaluate the merits of the many scientific claims they are 
bombarded with in popular media and in doing so produce a more informed public.  
 
On the Web 




















Figure 6.1 The Pacific Northwest study system. (A) Modern extent of the mesic 
ecosystem in the Pacific Northwest region of North America. The distribution is split into 
two ranges: a primary coastal range (1) and a secondary interior range (2), separated 
by an arid zone (3) resulting from the Cascades Range rain-shadow. (B) The maximum 








Figure 6.2 Moisture in the Pacific Northwest mountains. Late snowpack, rain, and mist 
overlay the mountains pictured here in Washington State. Moisture is a key element 





















Figure 6.3 Competing theories for the origins of the interior distribution: recent dispersal 
or ancient vicariance. (A) The most common explanation for the presence of mesic 
species in both the coastal and interior ranges is that they survived the most recent 
glacial cycle in a southern coastal refugium, then migrated inland as post-glacial 
conditions improved. Many species show abundant evidence for their presence on the 
southern coast during the last ice age. (B) An alternative explanation is that they were 
each populated independently. This would require the persistence of a refugial 
population within the interior range during the last ice age. A limited number of species 







Figure 6.4 Long-term isolation during a glacial cycle resulting in genetic differentiation 
between populations. In this hypothetical example, a conifer species with a broad inter-
glacial distribution (A) is separated into three distinct groups by expanding ice sheets 
(B, C). The lack of gene flow between the populations in the glacial distribution allow 
each to develop unique genetic mutations and configurations that, over time, distinguish 
them from one another (D). As the glacial cycle returns to the inter-glacial stage and the 
ice sheets retreat, the conifer is able to recolonize its former broad distribution (E). 
However, a remnant genetic imprint of the differentiation caused by the glacial 
reproductive isolation remains among those populations’ descendants and, with 
sufficient sampling density, can still be retraced within the final distribution (F). (Modified 































Figure 6.5 Study species ranges. The modern species range for mountain hemlock 
(left) and western redcedar (right). Mountain hemlock, as a subalpine species, is 
primarily restricted to mountainous regions for the majority of its distribution, though it 
has a broader range at higher latitudes. Western redcedar, as a lowland species, has a 


















Figure 6.6 Range-wide sample collection of study species. We collected samples from 
sites (red circles) across most of the current distributions of mountain hemlock (left) and 
























Figure 6.7 Field collection of plant samples for DNA extraction. Graduate student 
Joseph Napier is pictured here collecting alder samples in Alaska using the same 




























Figure 6.8 DNA extraction in the laboratory. Thesis author Matias Fernandez (left) is 
pictured demonstrating proper pipetting techniques to graduate student Joseph Napier 



















Figure 6.9 Basic DNA extraction protocol using the ‘Qiagen DNeasy’ plant kit. (A) A 
20mg subsample of unblemished needles are selected (using tweezers) from a field 
collection desiccant packet containing leaves for one individual. (B) The subsample is 
then cooled in liquid nitrogen and ground into a fine powder using a micropestle. Initial 
testing found that enzyme activity quickly degraded our DNA unless tissue was 
disrupted under low temperature conditions. (C) While still frozen, a lysing buffer and 
‘RNase A’ are added to the powdered sample and the mixture is incubated in a warm 
water bath. The mixture opens the plant cells, releasing DNA while suppressing any 
enzyme activity that might degrade it. (D, E) Excess cellular debris (polysaccharides, 
proteins, etc.) are precipitated and filtered out of the mixture produced in step ‘C’. (F) 
The resulting solution is passed through a filter designed to capture the DNA and then 
repeatedly washed to remove any remaining contaminants which might interfere with 
downstream operations. (G) The purified DNA is then eluted from the filter into a 
stabilizing buffer. (H) The DNA extraction is complete. The sample is labeled, dated, 
and subsampled for quality checking procedures before being stored at -20ºC. After 
















Figure 6.10 RADseq treatment of sample DNA. For our study we treated our samples 
with the AscI and MseI restriction enzymes (bottom left and right), an 8-base pair and 4-
base pair site respectively. The DNA from a given study individual (A) possesses a 
number of restriction sites that restriction enzymes will cleave the strand (B; red AscI 
site and blue MseI site). The AscI enzyme is the infrequent cutter, and the nucleotides 
adjacent to it are the target for sequencing. The MseI enzyme is the infrequent cutter, 
which is intended to reduce the size of the fragments generated by the AscI enzyme. 
These cuts break the original DNA strand into fragments (C) which possess two AscI 
sticky ends, two MseI sticky ends, or one of each. Two sets of adapters, with sticky 
ends matching each set of sticky ends, are ligated onto their respective cut sites. The 
adapters possess PCR amplification primers which are designed (See Fig. 3.6) to 






















Figure 6.11 RADseq adapter design. (A) Adapter 1 binds to the infrequent AscI cut site 
and Adapter 2 to the frequent MseI cut site on either side of the sequencing target. 
Adapter 2 is intentionally crippled with a set of mismatched nucleotides where its PCR 
amplification primer site should be. (B) The DNA molecule is denatured into single 
strands during PCR. (C) During the annealing stage of PCR, the primer for adapter 1 
binds to its site. The adapter 2 primer site is still incomplete and therefore unusable. (D) 
During the extension phase of PCR, nucleotides are added to the adapter 1 primer to 
reassemble the second strand of the DNA molecule. As a consequence of this, the 
primer site for adapter 2 is reconstituted. (E) The PCR cycle denatures the new DNA 
molecule, exposing both the adapter 1 and adapter 2 primer sites this time. (F) Primers 
for both adapters are now able to bind during the annealing phase. (G) Extension 
completes the strand end of adapter 1, and after another PCR cycle the end of adapter 
2 is completed as well. (H) Both adapter ends are complete, and the DNA fragment 
targeted for sequencing possesses an ‘Illumina’ flowcell binding-site on each end and a 
respective primer site on the same strand. The fragment is now ready for ‘Illumina’ 






Figure 6.12 Processing sequencing data using the ‘Stacks’ program. (A) Using the ‘process_radtags’ function, sequencing reads are first 
filtered for quality and sorted by individual according to the unique barcode tags built into their AscI adapter. (B) Using the ‘ustacks’ function, 
the reads from each individual are sorted into stacks of exactly matching reads. These represent the various alleles of the loci that have been 
sequenced. (C) These alleles are then compared to the other alleles and those within a certain distance are grouped together. This is to 
identify which alleles belong to the same locus. (D) As diploid organisms, we can expect only one or two alleles at a given locus. Those alleles 
which are not grouped or have one other allele grouped are deemed to represent homozygous and heterozygous sites, respectively. Those 
alleles which group with more alleles than biologically expected (3+) represent repetitive elements in the genome and are discarded. (E) A 
consensus sequence is generated for each locus based on the stack matches, with a tag identifying which nucleotides are variable. (F) A 
catalog of those alleles is then generated using the ‘cstacks’ function. The sets of loci that have been identified within each individual in the 
dataset are compared between individuals. Closely matching loci are deemed to represent the same locus. Variation between the matching 
loci are a result of different alleles for the same locus. Much like the ‘ustacks’ phase, a consensus sequence is generated in the catalog that 
accounts for all of the allele variations available for a given locus. (G) With the ‘sstacks’ function, each individuals set of loci are then 
compared to the catalog generated in ‘cstacks’ in order to map and consistently organize each individual’s loci with respect to the those in the 
entire dataset. Loci which are present in the catalog but missing in the individual are tagged as missing data. (H) Basic summary statistics and 







Figure 6.13 Illini spruce game board. Sampling map of the Illini spruce range. The 
green circles represent the current range of Illini spruce. The sampling sites are denoted 
by a letter accompanied by a blank sampling chart. Each bar corresponds to one 






















































Figure 6.14 The effect of population dynamics on patterns of genetic variation. The 
transcontinental geographic distribution of a hypothetical tree species. Climate changes 
and glaciation starts to occur causing the range of the tree species to contract due to 
lost habitat. Glaciation continues isolating three populations of the tree species from 
each other thereby preventing exchange of genes between them. Over time, the three 
populations diverge genetically causing them to harbor unique diversity absent in the 
other populations (signified by the different colors). The climate shifts again causing the 
glaciers to recede allowing each of the three populations to expand. The tree species 
eventually completely recolonized its’ old range but the imprint of the range contraction 





















































Appendix A:  
Chapter 3 Supplemental Figures and Tables 
 
 
“By three methods we may learn wisdom: First, by reflection, which is noblest; Second, 







Figure A.1 Survey of published mountain hemlock pollen records. The pollen records 
have been partitioned into five time steps, separated by 5,000 year intervals. A yellow 
square indicates that a pollen record includes data for this time step, but mountain 
hemlock pollen had not yet reached the 1% representation threshold in this, or a 
previous, time step. A red circle indicates that during this, or a previous, time step 









A. North vs. South Hemlock Lineage 
Source of Variation d.f. Sum of Squares Variance Components Percent of Variation 
Between Lineages 1 108.71 1.11 5.81* 
Among Sites Within Lineages 12 329.93 0.93 4.87* 
Among Individuals Within Sites 87 2397.19 17.11 89.3* 
B. Coast vs. Interior Mesic Region 
Source of Variation d.f. Sum of Squares Variance Components Percent of Variation 
Between Regions 1 39.18 0.04 0.22 
Among Sites Within Regions 12 399.46 1.48 7.96* 
Among Individuals Within Sites 87 2397.19 17.11 91.83* 
 
C. Central vs. Idaho Redcedar Lineage 
Source of Variation d.f. Sum of Squares Variance Components Percent of Variation 
Between Lineages 1 14,338.16 107.35 3.52* 
Among Sites Within Regions 15 77,154.64 16.68 0.55* 
Among Individuals Within Sites 102 500,831.00 1982.27 64.95* 
Among Individuals 119 112,522.50 945.56 30.98* 
D. Coast vs. Interior Mesic Region 
Source of Variation d.f. Sum of Squares Variance Components Percent of Variation 
Between Regions 1 8,340.54 24.26 0.81* 
Among Sites Within Regions 15 83,152.27 45.24 1.51* 
Among Individuals Within Sites 102 500,831.00 1,982.27 66.13* 
Among Individuals 119 112,522.50 945.57 31.55* 
 
Figure A.2 Analysis of Molecular Variance (AMOVA) of genetic variation. Analysis of 
genetic variance among interior hemlock sampling sites and latitudinal-equivalent 
coastal sites (n = 14): (A) Variance between the north and south hemlock genetic 
lineages. (B) Variance between the coastal and interior distributions of hemlock. 
Analysis of genetic variance among interior redcedar sites and “Central” lineage coastal 
sites (n=17). (C) Variance between the “Central” and Idaho redcedar genetic lineages. 
(D) Variance between the coastal and interior distributions of hemlock, within the 














Figure A.3 Discriminant analysis of principal components (DAPC) of genetic variation. 
Based on the number of clusters (K) requested, the analysis attempts to separate the 
genetic data into the most differentiated groups possible. The listed population numbers 
correspond to those in figure 3.1a,c. We demonstrate hemlock genetic differentiation 
into K=2 (A) and K=4 (C) clusters as seen in our PCA results. Any further K above this 
value lose geographical coherence as distinct groups. The separation of both analyses 
discriminant functions are also shown (B,D). We also demonstrate redcedar genetic 
differentiation into K=3 (E) and K=5 (G) clusters as seen in our PCA results. Weak 
segregation and substantial overlap between the coastal and interior populations of the 
central cluster are visible in K=5 (clusters 1 and 4). The separation of both analyses 














































































































Figure A.4 Hemlock population structure for two primary genetic clusters. Structure 
output for the Tsuga mertensiana dataset. A third geographically-structured hemlock 
cluster is visually recognizable in these results (populations 1 and 2) but is not 
supported by ∆K, LnP(K), DAPC, or PCA analyses and was instead found to strongly 
correlate with patterns of missing data. (A) ∆K and LnP(K) indicating a preferred K of 2. 
(B) Visualization of K=3 Structure output. (C) Visualization of K=4 Structure output. (D) 





























Figure A.5 Western redcedar neighbor-joining phylogenetic tree. Output from genetic 
distance calculations and tree assembly using the program TreeFit (Kalinowski, 2009). 
(A) A genetic distance matrix calculated using SNP data from the four lineages inferred 
in our Structure analysis. The distances indicate a high degree of genetic distance 
amongst the three outermost lineages (Idaho, California, Haida Gwaii), but a lower 
degree with the Central lineage which borders each other lineage and has experienced 
at least some degree of admixture with them. (B) An unrooted tree for our redcedar 
populations assembled by TreeFit using the genetic distance matrix. (C) An R2 
evaluation of the fit between the tree and the distance matrix. (D) A redcedar 
phylogenetic tree rooted with the California lineage, visualized using the program 
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Figure A.6 Structure output for the Thuja plicata dataset, presented in two hierarchical 
stages. Stage 1: (A) ∆K and LnP(K) indicating a preferred K of 2, but some indications 
of additional structure. (B) Visualization of K=3 Structure output, revealing Idaho group 
(yellow) structure. (C) Visualization of K=4 Structure output, revealing Haida Gwaii 
group (orange) structure. (D) Visualization of K=5 Structure output, separating the 
“Central” group by coastal (blue) and interior (green) populations. Although the coast 
and interior populations of the “Central” group demonstrate geographic structuring, they 
were classified as a single refugial lineage given the low ∆K and LnP(K) values, lack of 
differentiation in PCA and DAPC analyses, and late DIYABC divergence dates. The 
substructure is likely a consequence of post-glacial migration, caused by a limited set of 
coastal migrants reaching and populating the interior. This resulted in closely related 











Figure A.6 (Continued) Stage 2: (E) ∆K and LnP(K) indicating a preferred K of 2, but 
some indications of a third cluster. (F) Visualization of K=4 Structure output, indicating 
the same separation of the “central” cluster seen in the K=5 result of stage 1. (G) 
Visualization of K=5 Structure output, in which any further geographic association of 























Figure A.7 DIYABC output for the Tsuga mertensiana dataset. (A) Demographic 
scenarios tested for mountain hemlock. N1 and N2 indicate the coastal and interior 
populations, respectively, of the southern genetic cluster. N3 and N4 indicate the 
coastal and interior populations, respectively, of the northern genetic cluster. An 
appended “b” indicates a set parameter of increased effective population size compared 
to the base population, whereas an appended “c” indicates a set parameter of 
decreased effective population size compared to the base population. (B) “Direct” and 
logistic regression model selection output, suggesting a general preference for scenario 
5. The scenarios that were not supported had either no changes in effective population 







Figure A.7 (Continued) (C) Model checking of scenario 5, after rerunning analysis with 



































Figure A.8 Redcedar demographic scenario for dispersal and persistence. DIYABC 
output for the Thuja plicata dataset. (A) Demographic scenarios tested for western 
redcedar. N1 indicates the Haida Gwaii genetic cluster, N2 and N3 the coastal and 
interior populations, respectively, of the “central” cluster, N4 the Idaho genetic cluster, 
and N5 the California genetic cluster. An appended “b” indicates a set parameter of 
increased effective population size compared to the base population, whereas an 
appended “c” indicates a set parameter of decreased effective population size 













































































































































































Figure A.8 (Continued) (B) “Direct” and logistic regression model selection output, 
indicating a clear preference for scenario 2. The scenarios that were not supported had 
either no decrease in effective population size for the N3 population or demographic 
changes in addition to it. (C) Model checking of scenario 2, after rerunning analysis with 














Table A.1 Parameter estimates of selected scenarios 
 
Mountain hemlock: Scenario 5 parameter estimates 
Final DIYABC parameter estimates for Tsuga mertensiana effective population sizes 
and divergence times in scenario 5. Divergence times are listed in number of 
generations, which we assumed to be twenty years for the purposes of this study. 
 
 
Western redcedar: Scenario 2 parameter estimates 
Final DIYABC parameter estimates for Thuja plicata effective population sizes and 
divergence times. Divergence times are listed in number of generations, which we 
















Parameter mean median mode q025 q050 q250 q750 q950 q975 
N1b 3.62E+04 3.64E+04 3.52E+04 2.20E+04 2.37E+04 3.04E+04 4.24E+04 4.79E+04 4.86E+04 
N2c 3.31E+04 3.40E+04 3.78E+04 1.72E+04 1.91E+04 2.74E+04 3.94E+04 4.45E+04 4.55E+04 
N3b 3.59E+04 3.59E+04 3.75E+04 2.33E+04 2.44E+04 2.98E+04 4.20E+04 4.79E+04 4.89E+04 
N4c 2.17E+04 2.11E+04 1.83E+04 9.27E+03 1.02E+04 1.55E+04 2.71E+04 3.54E+04 3.79E+04 
t1 1.27E+03 1.23E+03 1.15E+03 4.70E+02 5.62E+02 9.23E+02 1.57E+03 2.11E+03 2.30E+03 
t2 5.35E+02 5.50E+02 6.82E+02 2.95E+02 3.36E+02 4.63E+02 6.24E+02 6.78E+02 6.84E+02 
t3 5.03E+03 4.94E+03 4.69E+03 3.86E+03 3.95E+03 4.42E+03 5.53E+03 6.41E+03 6.74E+03 
Parameter mean median mode q02.5 q05.0 q25.0 q75.0 q95.0 q97.5 
N1 2.23E+04 2.06E+04 1.79E+04 1.45E+04 1.50E+04 1.77E+04 2.51E+04 3.56E+04 3.98E+04 
N2 4.59E+04 4.67E+04 4.95E+04 3.91E+04 3.98E+04 4.39E+04 4.85E+04 4.96E+04 4.98E+04 
N3c 3.06E+04 3.15E+04 3.35E+04 1.36E+04 1.56E+04 2.48E+04 3.72E+04 4.27E+04 4.38E+04 
N4 2.27E+04 2.18E+04 1.95E+04 1.27E+04 1.39E+04 1.80E+04 2.63E+04 3.52E+04 3.90E+04 
N5 2.73E+04 2.63E+04 2.18E+04 1.63E+04 1.70E+04 2.15E+04 3.23E+04 4.10E+04 4.34E+04 
t1 1.18E+03 1.17E+03 1.09E+03 4.18E+02 5.09E+02 8.68E+02 1.48E+03 1.91E+03 2.03E+03 
t2 3.01E+03 2.91E+03 2.65E+03 2.01E+03 2.11E+03 2.53E+03 3.40E+03 4.26E+03 4.57E+03 
t3 3.53E+03 3.33E+03 2.89E+03 2.29E+03 2.39E+03 2.85E+03 3.98E+03 5.54E+03 6.06E+03 





Table A.2 Sample collection information. Table of foliage samples collected for each 
species from each population in the study and their GPS coordinates. Samples were 
collected either in the field (labeled “Field”) or at the Cowichan Lake Research Station 
common garden in British Columbia (labeled “Cowichan”). The GPS coordinates listed 
for “Cowichan” samples are the collection origins of the seeds grown in the common 
garden, from which foliage samples were collected for this study.  
 
Species Population Sample Collection Latitude Longitude 
T. mertensiana 1 TY-01 Field 61° 3'19.73"N 151°25'24.52"W 
T. mertensiana 1 TY-04 Field 61° 3'19.73"N 151°25'24.52"W 
T. mertensiana 1 TY-07 Field 61° 3'19.73"N 151°25'24.52"W 
T. mertensiana 1 TY-12 Field 61° 3'19.73"N 151°25'24.52"W 
T. mertensiana 1 TY-15 Field 61° 3'19.73"N 151°25'24.52"W 
T. mertensiana 1 TY-18 Field 61° 3'19.73"N 151°25'24.52"W 
T. mertensiana 2 KEN-01 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 2 KEN-03 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 2 KEN-06 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 2 KEN-07 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 2 KEN-08 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 2 KEN-10 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 2 KEN-11 Field 60°47'31.56"N 149°12'43.70"W 
T. mertensiana 3 Jun-02 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 3 Jun-04 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 3 Jun-05 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 3 Jun-06 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 3 Jun-07 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 3 Jun-11 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 3 Jun-12 Field 58°16'50.35"N 134°24'52.37"W 
T. mertensiana 4 TER-01 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 4 TER-03 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 4 TER-05 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 4 TER-07 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 4 TER-09 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 4 TER-11 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 4 TER-12 Field 54°55'30.00"N 128°15'0.00"W 
T. mertensiana 5 MD-MH-02 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 5 MD-MH-04 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 5 MD-MH-06 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 5 MD-MH-08 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 5 MD-MH-10 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 5 MD-MH-11 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 5 MD-MH-12 Field 51°58'13.03"N 118°28'23.71"W 
T. mertensiana 6 SP-MH-02 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 6 SP-MH-03 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 6 SP-MH-04 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 6 SP-MH-07 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 6 SP-MH-08 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 6 SP-MH-11 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 6 SP-MH-13 Field 51° 9'44.62"N 118° 9'32.26"W 
T. mertensiana 7 GP-MH-02 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 7 GP-MH-03 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 7 GP-MH-04 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 7 GP-MH-05 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 7 GP-MH-06 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 7 GP-MH-08 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 7 GP-MH-09 Field 51°14'57.82"N 117°28'50.68"W 
T. mertensiana 8 AW-MH-01 Field 49°14'17.29"N 124°36'25.13"W 
T. mertensiana 8 AW-MH-03 Field 49°14'17.29"N 124°36'25.13"W 
T. mertensiana 8 AW-MH-05 Field 49°14'17.29"N 124°36'25.13"W 
T. mertensiana 8 AW-MH-08 Field 49°14'17.29"N 124°36'25.13"W 
T. mertensiana 8 AW-MH-09 Field 49°14'17.29"N 124°36'25.13"W 





Table A.2 (Continued) 
T. mertensiana 8 AW-MH-14 Field 49°14'17.29"N 124°36'25.13"W 
T. mertensiana 9 MS-MH-01 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-02 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-04 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-05 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-07 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-08 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-09 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-10 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-11 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 9 MS-MH-12 Field 49°22'28.80"N 122°57'24.16"W 
T. mertensiana 10 A-MH-WA-02-01 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 10 A-MH-WA-02-02 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 10 A-MH-WA-02-04 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 10 A-MH-WA-02-06 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 10 A-MH-WA-02-07 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 10 A-MH-WA-02-08 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 10 A-MH-WA-02-10 Field 48°31'8.58"N 120°40'27.19"W 
T. mertensiana 11 A-MH-WA-01-04 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 11 A-MH-WA-01-06 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 11 A-MH-WA-01-07 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 11 A-MH-WA-01-08 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 11 A-MH-WA-01-09 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 11 A-MH-WA-01-10 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 11 A-MH-WA-01-11 Field 47°29'0.06"N 123°37'1.45"W 
T. mertensiana 12 MH-WA-02-01 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 12 MH-WA-02-03 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 12 MH-WA-02-04 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 12 MH-WA-02-05 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 12 MH-WA-02-07 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 12 MH-WA-02-08 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 12 MH-WA-02-09 Field 47°27'19.80"N 121°26'24.00"W 
T. mertensiana 13 MH-WA-01-02 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 13 MH-WA-01-03 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 13 MH-WA-01-04 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 13 MH-WA-01-08 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 13 MH-WA-01-09 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 13 MH-WA-01-10 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 13 MH-WA-01-11 Field 46°39'20.52"N 121°24'30.96"W 
T. mertensiana 14 MH-OR-05-03 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 14 MH-OR-05-04 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 14 MH-OR-05-05 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 14 MH-OR-05-06 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 14 MH-OR-05-08 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 14 MH-OR-05-09 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 14 MH-OR-05-10 Field 45°19'48.36"N 121°42'28.44"W 
T. mertensiana 15 A-MH-ID-01-02 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 15 A-MH-ID-01-03 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 15 A-MH-ID-01-04 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 15 A-MH-ID-01-06 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 15 A-MH-ID-01-08 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 15 A-MH-ID-01-09 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 15 A-MH-ID-01-11 Field 47°48'34.42"N 116° 1'26.18"W 
T. mertensiana 16 A-MH-MT-01-01 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 16 A-MH-MT-01-02 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 16 A-MH-MT-01-03 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 16 A-MH-MT-01-06 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 16 A-MH-MT-01-08 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 16 A-MH-MT-01-10 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 16 A-MH-MT-01-12 Field 47°25'50.02"N 113°48'41.36"W 
T. mertensiana 17 A-MH-ID-02-01 Field 46°28'51.89"N 115°38'2.15"W 
T. mertensiana 17 A-MH-ID-02-02 Field 46°28'51.89"N 115°38'2.15"W 
T. mertensiana 17 A-MH-ID-02-06 Field 46°28'51.89"N 115°38'2.15"W 





Table A.2 (Continued) 
T. mertensiana 17 A-MH-ID-02-11 Field 46°28'51.89"N 115°38'2.15"W 
T. mertensiana 17 A-MH-ID-02-12 Field 46°28'51.89"N 115°38'2.15"W 
T. mertensiana 17 A-MH-ID-02-13 Field 46°28'51.89"N 115°38'2.15"W 
T. mertensiana 18 A-MH-OR-01-02 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 18 A-MH-OR-01-03 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 18 A-MH-OR-01-05 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 18 A-MH-OR-01-09 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 18 A-MH-OR-01-10 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 18 A-MH-OR-01-12 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 18 A-MH-OR-01-14 Field 45°21'4.25"N 117°41'53.59"W 
T. mertensiana 19 OLA-1 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 19 OLA-2 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 19 OLA-3 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 19 OLA-5 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 19 OLA-7 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 19 OLA-9 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 19 OLA-10 Field 44° 7'13.99"N 122° 5'46.99"W 
T. mertensiana 20 MH-OR-02-02 Field 42° 5'20.76"N 123°22'8.40"W 
T. mertensiana 20 MH-OR-02-03 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 20 MH-OR-02-04 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 20 MH-OR-02-06 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 20 MH-OR-02-07 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 20 MH-OR-02-08 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 20 MH-OR-02-10 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-02 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-03 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-04 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-05 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-07 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-08 Field 41° 2'45.60"N 122°47'52.44"W 
T. mertensiana 21 MH-CA-01-10 Field 41° 2'45.60"N 122°47'52.44"W 
T. plicata 1 136 Cowichan 52°45'0.00"N 131°50'60.00"W 
T. plicata 1 121 Cowichan 52°46'0.12"N 131°40'59.88"W 
T. plicata 1 277 Cowichan 52°43'0.12"N 131°35'60.00"W 
T. plicata 1 279 Cowichan 52°40'59.88"N 131°40'59.88"W 
T. plicata 1 109 Cowichan 52°40'59.88"N 131°31'0.12"W 
T. plicata 1 113 Cowichan 52°37'59.88"N 131°28'59.88"W 
T. plicata 1 116 Cowichan 52°36'0.00"N 131°34'0.12"W 
T. plicata 2 247 Cowichan 51°52'59.88"N 127°46'0.12"W 
T. plicata 2 246 Cowichan 51°47'60.00"N 127°22'0.12"W 
T. plicata 2 242 Cowichan 51°41'60.00"N 127°47'60.00"W 
T. plicata 2 233 Cowichan 51°40'59.88"N 127°25'59.88"W 
T. plicata 2 235 Cowichan 51°43'0.12"N 127° 1'59.88"W 
T. plicata 2 237 Cowichan 51°36'0.00"N 127° 4'0.12"W 
T. plicata 2 239 Cowichan 51°25'59.88"N 127°37'0.12"W 
T. plicata 3 513 Cowichan 49°31'59.88"N 124°57'0.00"W 
T. plicata 3 440 Cowichan 49°30'0.00"N 124°52'1.20"W 
T. plicata 3 398 Cowichan 49°25'1.20"N 124°40'1.20"W 
T. plicata 3 209 Cowichan 49°22'59.88"N 124°57'0.00"W 
T. plicata 3 511 Cowichan 49°21'0.00"N 124°46'59.88"W 
T. plicata 3 442 Cowichan 49°21'0.00"N 124°37'59.88"W 
T. plicata 3 215 Cowichan 49°17'60.00"N 124°31'59.88"W 
T. plicata 4 1910 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 4 1911 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 4 1912 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 4 1913 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 4 1914 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 4 1915 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 4 1916 Cowichan 50°27'15.12"N 122°15'0.72"W 
T. plicata 5 1860 Cowichan 53°18'46.80"N 120°15'21.60"W 
T. plicata 5 1863 Cowichan 53°18'46.80"N 120°15'21.60"W 
T. plicata 5 1869 Cowichan 53°18'46.80"N 120°15'21.60"W 
T. plicata 5 1870 Cowichan 53°17'43.44"N 120°16'57.72"W 





Table A.2 (Continued) 
T. plicata 5 1874 Cowichan 53°17'43.44"N 120°16'57.72"W 
T. plicata 5 1879 Cowichan 53°17'43.44"N 120°16'57.72"W 
T. plicata 6 1822 Cowichan 52°17'6.00"N 119°10'47.28"W 
T. plicata 6 1824 Cowichan 52°17'6.00"N 119°10'47.28"W 
T. plicata 6 1826 Cowichan 52°17'6.00"N 119°10'47.28"W 
T. plicata 6 1828 Cowichan 52°17'6.00"N 119°10'47.28"W 
T. plicata 6 1830 Cowichan 52°18'28.80"N 119° 8'39.48"W 
T. plicata 6 1834 Cowichan 52°18'28.80"N 119° 8'39.48"W 
T. plicata 6 1838 Cowichan 52°18'28.80"N 119° 8'39.48"W 
T. plicata 7 1700 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 7 1702 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 7 1703 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 7 1704 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 7 1706 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 7 1707 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 7 1708 Cowichan 50°33'20.52"N 117°27'29.88"W 
T. plicata 8 1710 Cowichan 50°22'17.40"N 119° 1'5.52"W 
T. plicata 8 1711 Cowichan 50°22'17.40"N 119° 1'5.52"W 
T. plicata 8 1713 Cowichan 50°22'17.40"N 119° 1'5.52"W 
T. plicata 8 1730 Cowichan 50°13'19.92"N 119°32'9.60"W 
T. plicata 8 1733 Cowichan 50°13'19.92"N 119°32'9.60"W 
T. plicata 8 1739 Cowichan 50°13'19.92"N 119°32'9.60"W 
T. plicata 8 1737 Cowichan 50°13'19.92"N 119°32'9.60"W 
T. plicata 9 SC-WR-02 Field 49°21'50.72"N 120° 9'59.76"W 
T. plicata 9 SC-WR-05 Field 49°21'40.00"N 120°10'10.67"W 
T. plicata 9 SC-WR-08 Field 49°21'28.37"N 120°10'18.44"W 
T. plicata 9 SC-WR-11 Field 49°21'14.98"N 120°10'22.44"W 
T. plicata 9 SC-WR-14 Field 49°21'3.89"N 120°10'26.98"W 
T. plicata 9 SC-WR-17 Field 49°20'48.34"N 120°10'30.94"W 
T. plicata 9 SC-WR-20 Field 49°20'37.28"N 120°10'30.65"W 
T. plicata 10 A-WC-WA-02-01 Field 48°30'9.90"N 118°14'3.19"W 
T. plicata 10 A-WC-WA-02-04 Field 48°30'12.64"N 118°14'18.74"W 
T. plicata 10 A-WC-WA-02-07 Field 48°30'3.96"N 118°14'55.54"W 
T. plicata 10 A-WC-WA-02-09 Field 48°29'35.67"N 118°16'21.17"W 
T. plicata 10 A-WC-WA-02-13 Field 48°28'56.93"N 118°17'32.64"W 
T. plicata 10 A-WC-WA-02-16 Field 48°30'41.72"N 118°20'3.77"W 
T. plicata 10 A-WC-WA-02-19 Field 48°30'51.19"N 118°22'17.65"W 
T. plicata 11 WC-WA-02-01 Field 47°33'5.76"N 120°46'3.00"W 
T. plicata 11 WC-WA-02-03 Field 47°33'1.44"N 120°45'56.16"W 
T. plicata 11 WC-WA-02-05 Field 47°33'1.80"N 120°45'45.72"W 
T. plicata 11 WC-WA-02-07 Field 47°33'3.24"N 120°45'36.00"W 
T. plicata 11 WC-WA-02-09 Field 47°32'58.20"N 120°45'24.12"W 
T. plicata 11 WC-WA-02-14 Field 47°33'12.60"N 120°46'8.76"W 
T. plicata 11 WC-WA-02-16 Field 47°33'19.08"N 120°46'13.44"W 
T. plicata 12 WC-WA-04-03 Field 47°31'9.48"N 123°19'56.28"W 
T. plicata 12 WC-WA-04-07 Field 47°31'15.24"N 123°20'7.08"W 
T. plicata 12 WC-WA-04-13 Field 47°31'24.96"N 123°20'25.80"W 
T. plicata 12 WC-WA-04-16 Field 47°31'31.08"N 123°20'42.36"W 
T. plicata 12 WC-WA-04-18 Field 47°31'33.96"N 123°20'49.56"W 
T. plicata 12 WC-WA-04-19 Field 47°31'36.48"N 123°20'53.88"W 
T. plicata 12 WC-WA-04-20 Field 47°31'36.48"N 123°20'58.92"W 
T. plicata 13 A-WC-ID-01-01 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 13 A-WC-ID-01-04 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 13 A-WC-ID-01-07 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 13 A-WC-ID-01-10 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 13 A-WC-ID-01-13 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 13 A-WC-ID-01-16 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 13 A-WC-ID-01-19 Field 47°54'20.02"N 116°26'13.56"W 
T. plicata 14 A-WC-MT-01-01 Field 48°10'3.47"N 114° 0'11.95"W 
T. plicata 14 A-WC-MT-01-03 Field 48°10'3.47"N 114° 0'11.95"W 
T. plicata 14 A-WC-MT-01-05 Field 48°10'3.47"N 114° 0'11.95"W 
T. plicata 14 A-WC-MT-01-07 Field 48°10'3.47"N 114° 0'11.95"W 
T. plicata 14 A-WC-MT-01-09 Field 48°10'3.47"N 114° 0'11.95"W 





Table A.2 (Continued) 
T. plicata 14 A-WC-MT-01-13 Field 48°10'3.47"N 114° 0'11.95"W 
T. plicata 15 A-WC-ID-04-16 Field 46°51'31.21"N 115°38'45.20"W 
T. plicata 15 A-WC-ID-04-08 Field 46°51'6.30"N 115°38'12.01"W 
T. plicata 15 A-WC-ID-04-10 Field 46°51'14.36"N 115°38'19.28"W 
T. plicata 15 A-WC-ID-04-12 Field 46°51'20.77"N 115°38'24.40"W 
T. plicata 15 A-WC-ID-04-14 Field 46°51'26.32"N 115°38'32.17"W 
T. plicata 15 A-WC-ID-04-18 Field 46°51'36.47"N 115°38'52.69"W 
T. plicata 15 A-WC-ID-04-20 Field 46°51'41.15"N 115°39'2.74"W 
T. plicata 16 A-WC-ID-03-01 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 16 A-WC-ID-03-03 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 16 A-WC-ID-03-07 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 16 A-WC-ID-03-10 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 16 A-WC-ID-03-13 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 16 A-WC-ID-03-16 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 16 A-WC-ID-03-19 Field 46°12'51.91"N 115°32'12.88"W 
T. plicata 17 SEL-01 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 17 SEL-03 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 17 SEL-05 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 17 SEL-07 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 17 SEL-10 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 17 SEL-12 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 17 SEL-15 Field 46° 8'16.97"N 114°24'50.72"W 
T. plicata 18 614 Cowichan 45°40'59.88"N 123°25'0.12"W 
T. plicata 18 619 Cowichan 45°34'59.88"N 123°28'0.12"W 
T. plicata 18 616 Cowichan 45°37'59.88"N 123°22'0.12"W 
T. plicata 18 613 Cowichan 45°32'60.00"N 123°22'59.88"W 
T. plicata 18 620 Cowichan 45°42'0.00"N 123°19'58.80"W 
T. plicata 18 621 Cowichan 45°45'0.00"N 123°17'60.00"W 
T. plicata 18 623 Cowichan 45°40'1.20"N 123°16'58.80"W 
T. plicata 19 WC-OR-03-02 Field 45°16'44.04"N 121°43'55.20"W 
T. plicata 19 WC-OR-03-04 Field 45°16'30.72"N 121°43'37.56"W 
T. plicata 19 WC-OR-03-06 Field 45°16'16.32"N 121°43'50.52"W 
T. plicata 19 WC-OR-03-11 Field 45°16'4.80"N 121°44'30.12"W 
T. plicata 19 WC-OR-03-14 Field 45°16'21.36"N 121°44'22.56"W 
T. plicata 19 WC-OR-03-17 Field 45°16'34.32"N 121°44'16.44"W 
T. plicata 19 WC-OR-03-09 Field 45°15'57.24"N 121°44'12.84"W 
T. plicata 20 1010 Cowichan 43°55'0.12"N 122°46'0.12"W 
T. plicata 20 1032 Cowichan 43°16'59.88"N 122°31'59.88"W 
T. plicata 20 1013 Cowichan 43°47'60.00"N 122°37'0.12"W 
T. plicata 20 1014 Cowichan 43°47'60.00"N 122°34'0.12"W 
T. plicata 20 1015 Cowichan 43°43'59.88"N 122°25'0.12"W 
T. plicata 20 1016 Cowichan 43°43'0.12"N 122°19'59.88"W 
T. plicata 20 1036 Cowichan 43°42'0.00"N 122°50'60.00"W 
T. plicata 21 WC-CA-01-01 Field 40°53'31.20"N 123°56'32.64"W 
T. plicata 21 WC-CA-01-02 Field 40°53'31.92"N 123°58'10.56"W 
T. plicata 21 WC-CA-01-03 Field 40°53'38.04"N 123°56'13.20"W 
T. plicata 21 WC-CA-01-04 Field 40°53'52.80"N 123°55'55.92"W 
T. plicata 21 WC-CA-01-09 Field 40°54'6.48"N 123°55'43.68"W 
T. plicata 21 WC-CA-01-11 Field 40°54'7.92"N 123°55'31.08"W 
T. plicata 21 WC-CA-01-15 Field 40°53'51.36"N 123°55'39.72"W 
T. plicata 22 WC-CA-02-01 Field 40°30'54.72"N 124°16'28.20"W 
T. plicata 22 WC-CA-02-03 Field 40°30'55.80"N 124°16'14.16"W 
T. plicata 22 WC-CA-02-04 Field 40°30'56.88"N 124°16'8.76"W 
T. plicata 22 WC-CA-02-07 Field 40°30'26.64"N 124°17'6.72"W 
T. plicata 22 WC-CA-02-08 Field 40°30'23.04"N 124°17'17.88"W 
T. plicata 22 WC-CA-02-11 Field 40°29'40.56"N 124°18'54.00"W 
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Figure B.1 Western redcedar UPGMA phylogenetic tree. Output from genetic distance 
calculations and tree assembly using the program TreeFit (Kalinowski, 2009). (A) A 
genetic distance matrix calculated using SNP data from the six study populations. The 
distances indicate a high degree of genetic distance between the three lineages 
(Central, California, Haida Gwaii). (B) An unrooted tree for our redcedar populations 
assembled by TreeFit using the genetic distance matrix. (C) An R2 evaluation of the fit 
between the tree and the distance matrix. (D) A redcedar phylogenetic tree rooted with 








































































































































Genetic Data Pairwi e Distances





















































































































































Genetic Data Pairwi e Distances


































Figure B.2 Trace and density estimates for MCMCglmm. The intercept and cofactor 
converge for model of each migration proxy fixed factor: (A) Population Distance. (B) 









































































































































Figure B.3 Migration proxy gradients versus dispersal capacity. The three core seed 
traits (weight, area, wing-loading) are shown here graphed against (A) population 
distance, (B) latitude, and (C) nucleotide diversity. In each case there is a gradual 
increase in seed surface area with inferred migration distance, which has the effect of 
























Table B.1 Study population summary statistics and migration proxy values. This table 
includes the summary statistics for our genetics dataset produced using the Stacks 




































Population Total Sites 















1 744,651 3.6 1,694 6 0.151 0.186 0.217 52.45 0 
2 744,651 5.5 1,982 16 0.155 0.200 0.220 51.52 311.1 
3 744,651 6.5 2,320 48 0.164 0.221 0.240 50.27 541.4 
4 744,651 6.4 2,317 52 0.161 0.220 0.239 49.31 431.8 
5 744,651 6.5 2,495 66 0.177 0.239 0.259 45.40 0 





Table B.2 Seed sample data. The tree individuals included in this study, the sample 
sites they originate from, the number of seeds measured for each individual, the 
average trait measurements for those seeds, and the availability of genetic data for 
each individual. 
 











6 1010 30 1.35 2.51 5.18 9.30 0.15 * 
6 1032 30 1.70 2.95 5.60 11.98 0.14 * 
6 1013 30 1.17 2.34 3.96 7.03 0.15 * 
6 1014 29 1.56 2.96 5.14 10.94 0.14 * 
6 1015 30 1.26 2.79 4.84 9.94 0.13 * 
6 1016 30 1.84 3.03 5.52 12.03 0.16 * 
6 1037 30 0.96 2.56 4.25 7.71 0.13 * 
6 545 30 1.32 3.06 4.52 10.34 0.13 
 
6 546 30 1.55 2.69 5.04 10.16 0.15 
 
6 550 30 1.41 2.94 4.66 10.45 0.14 
 
6 551 30 1.57 3.03 4.82 10.52 0.15 
 
6 556 30 1.99 2.87 4.51 9.99 0.20 
 
6 558 30 1.76 3.03 4.86 10.97 0.16 
 
5 613 30 1.46 2.90 4.39 9.91 0.15 * 
5 620 30 1.50 2.90 4.58 10.02 0.15 * 
5 621 30 1.33 2.64 4.42 8.88 0.15 * 
5 623 30 1.11 2.48 3.65 6.78 0.17 * 
5 614 30 1.55 2.87 4.74 10.09 0.16 * 
5 619 30 1.59 2.92 5.06 11.01 0.15 * 
5 616 30 1.07 2.53 4.15 7.79 0.14 * 
5 622 30 1.11 2.59 4.58 8.99 0.12 
 
5 628 23 1.37 2.59 4.06 8.13 0.17 
 
5 629 30 1.25 2.57 4.33 8.51 0.15 
 
5 1200 30 1.76 2.83 4.26 8.98 0.20 
 
4 513 30 1.42 2.97 5.19 11.56 0.12 * 
4 440 30 2.14 3.30 6.19 15.62 0.14 * 
4 215 30 1.12 2.47 3.86 7.27 0.15 * 
4 442 30 1.27 2.80 4.91 10.28 0.13 * 
4 209 30 1.45 2.89 4.52 10.37 0.14 * 
4 511 30 1.43 2.82 5.14 11.07 0.13 * 
4 398 30 1.49 2.95 4.85 10.97 0.14 * 
4 146 30 1.28 3.13 4.91 11.74 0.11 
 
4 166 29 1.27 2.57 4.92 9.70 0.13 
 
4 167 30 1.23 2.84 5.34 11.79 0.11 
 
4 169 30 0.75 2.89 4.91 10.82 0.07 
 
4 180 30 1.49 3.16 5.60 13.36 0.11 
 
4 181 29 1.32 3.08 4.68 11.01 0.12 
 
4 197 30 1.25 2.92 4.43 9.90 0.13 
 
4 198 30 1.26 2.89 4.92 10.97 0.12 
 
4 206 30 1.22 2.87 5.06 10.57 0.12 
 
3 1913 29 1.22 2.96 5.02 11.03 0.11 * 
3 1914 30 1.14 2.93 5.47 12.02 0.10 * 
3 1915 30 1.35 2.98 5.63 12.03 0.11 * 
3 1912 30 1.37 3.04 5.22 11.32 0.12 * 
3 1910 30 1.71 3.08 5.57 12.64 0.14 * 
3 1911 30 1.59 2.93 5.55 11.87 0.14 * 
3 1916 30 1.50 2.68 5.04 9.75 0.16 * 
2 235 5 1.36 2.76 5.02 10.75 0.13 * 
2 237 30 1.08 2.81 3.93 8.30 0.13 * 
2 242 30 1.26 2.76 4.89 10.53 0.12 * 
2 246 30 1.18 2.74 4.63 9.31 0.13 * 
2 233 30 1.43 2.76 4.37 9.14 0.16 * 
2 239 30 1.22 2.90 4.33 9.73 0.13 * 
2 1 30 1.58 2.95 5.62 12.66 0.12 
 
2 32 30 1.51 2.93 5.54 12.60 0.12 
 
2 40 30 1.60 3.10 5.13 11.90 0.14 
 
2 47 30 1.59 3.04 5.46 12.95 0.12 
 
2 49 30 1.08 2.57 4.16 7.68 0.14 
 
2 52 30 0.87 2.59 4.79 9.17 0.09 
 
2 241 29 1.23 2.97 5.06 11.40 0.11 
 
2 243 30 1.93 3.30 5.50 14.07 0.14 
 
2 245 30 1.79 3.33 5.75 14.55 0.12 
 
1 136 30 1.47 3.10 5.46 12.76 0.12 * 
1 121 30 1.46 2.78 5.59 11.29 0.13 * 
1 113 30 1.45 2.94 4.36 9.47 0.15 * 
1 116 30 1.65 2.99 5.24 11.80 0.14 * 
1 101 30 1.29 2.98 4.57 10.60 0.12 
 
1 102 30 1.94 3.10 5.17 12.03 0.16 
 
1 106 30 1.41 3.33 5.41 13.68 0.10 
 
1 109 30 1.84 3.07 5.76 13.35 0.14 
 
1 110 24 1.45 2.97 5.38 12.00 0.12 
 
1 114 30 0.60 2.87 4.78 10.62 0.05 
 
1 115 30 1.77 3.61 5.64 15.24 0.12 
 
1 120 30 1.64 3.18 6.02 14.59 0.11 
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